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ABS! R.-U'I 

The objectives of the work reported in< luded the developm« nl 
of radiation resistant lubricants and a survey of the radiation stability 
of jet fuels. 

Aromatic oase materials wer«  needed In the lubricant work, and 
most of thf.se had to be synthesized.   Exploratory synthesis i volv« d alkaryl 
ethers,   alkaryl esters,  alkylbenzenes'  alkyl dipnenyl ethers,  and 
diarylalkanes.    Chemical structure was correlated with physical properties 
and also with oxidation, thermal, and radiation stability.    Although < >*< rs 
were inferior,  each class had members with good radiation stability. 
Over-all,  the alkyl diphenyl ethers offer the mosl promise for lubricant 
development.    Polymers were also synthesized.    These were used in an 
stlkyj dipnenyl ether to improve viscosity index and to increase viscosity. 
Compared to conventional thickeners,  alkylated poly(ovmethylstyrenes) 
(APAMS) and poly(alkylphenoxyethyl methacrylatesi (APEMS) .-how promise 
for use  in futurr  radiation resistant lubricants 

Thi  grease  research produced CALRESEARCH 159,  s m it« rial 
of enhanced radiation stability.    It is a selenide-inhibited alkylbipl enyl 
gelled with an aromatic salt     Promise of Improved products was shown 
m work on niw oils,  e.g., tris(phenoxyphenyljdodecylsilane; on neu 
gelling agents,  e.g.,  sodium N-p-tolylterephthalamate or mixtures   d 
aromatic salts, and on new   idditives,  e.g.,  M,  N,-di»2-naphthyl  i 
p henylened iamine. 

Many formulations of various hydraulic "luida w«»r«   evaluate d 
b>efor« arid after irradiatK n.    The alkyl diphenyl ethers looked best in 
radiation stability and in thermal stability at  700#F.     CALRESEARCH 216 
evolved from the formulation work.    It is an alky] diphenyl ether inhibited 
with a selenide and thicke led with a polybutene.    r hemi< al inhil itors 
improved oxidation stability both before and afti r gamma irradiation. 
Aromatic hydro« arbon additives in MLO 8200 fluid n   lu< edvis« osity« h tng<   ind 
gassing caused by irradiation.    This fluid was .shown to kx  usabl«   to about 
IQIO ergs/g (.' of gamma radiation.   Original   ind irradi »ted arom itii   I i  i 
fluids operated satisfa« I >rily in air rafi piston pumps st 27 >e l      Isoth« rmal 
bulk modulus was found to decrease markedly in s gas"liquid syst« m su< h ss 
would prevail und« r in idiation. 

Ira  alkyl aromatics were found bi st si bas«   w it« ri ill  'or gas 
turbine oils.    Est« rs,   mineral oils,   «n'i polygly ola t< st< d A« •■•   <:• :.   ;• • 
in radiation or therm J -• ibility.    CALRESEARCH 2   0 ■ ■    tk veloped 
thi work; it li a .-< U i i le-inhibit«  I  tlkyl diphe lyl • ther   ont urnnf .< 
pt troleum bright sto< k   aid oth« r additiv« s.    'I he .iiK vl dipli« ny] eth« i 
show - d good oxidation stability before   ind after irradiation     1'.» . i  tender.rj 
towards high coking  md low lubrn .ty w <s imp-oved by additives.    Irradiatioi 
jow(i<(; coking in thes«  basei and also in alkylbipr.« r . i.-     in  ill b.is«- «•',■ 
foaming increased after irradiation,  with oi withoui sill one being pr4 lent. 
Coking was redu< » d I y I .« • ding with high boiling •:. v • rials   « . ^. , < ■    • • 
■locks.   Certain oil soluM'    :. • .- s • >»w • ■ ■  ■ . • • rg. -11. * . I    •:•■•■. ■ ■ ■ . •. 
diAIKvl scl»  .ides in  >xjdation tests. 

K MK   1 H   >6-< ♦ '   I" II 



The thermal stability of nine jet fiu-l.s (five JP-4's,   three 
Jl'-.j's.  and .'in KP-l) was studied in the CVH coKer.    Original 
.-,•<>. r..-, and samplet Irradiated for three different levels were tested. 
Lo* i« .»•! irradiation (0. 8 x  lO1^ erga/| C) impaired thermal stability. 
Higher level radiation (H *  H)*1* erga/g C) impro\ed thermal stability. 
An equation was developed by which it was possible to predict increase 
in  vis   osity with irradiation a' any dosage once a sinj;k  dosage point 
waa known. 

PUBLICATION REVIEW 

1 MS report  ha.'   been reviewed ana is approved. 

KOU THE COMMANDER: 

«. 
SCHWARTZ K.   T 

Chief,  Organic   Material* Branch 
Materials Laboratory 
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LL'BRICANl   PRODt'CI  SUMMARY 

rh« lubri  ant   leveiopment work was guided by pattern nonnu< 1 
produ« t spu ifications.    Radiation resistance was added to thes«   stringent 
requirements sui h that aromati«  base stocks were needed rather than 
conventional Quids.    Aromatic storks have not been used extensively 
in lubricants.    Thus,  s program including synthesis,  formulation, and 
testing was called for.    This approach yielded four preferred products foi 
use in the presence of radiation, 
paragraphs. 

Greases 

Data on these are discussed in tin- following 

Table I summarizes data on CALRESEARCH 159,    The produ< I Ls 
usable from about -10*F to 350*F.    After a gamma dosage of 7. 2 t to10 ergs/g C, 
worked penetration, oxidation st ibility,  and bearing performance were som« what 
impaired«    However,  Little change was caused in water resistance, evaporation 
at 400° F,   wear properties, or copper corrosion     Pumpability,  work stability, 
and low temperature torque actually improved slightly afU r this exposure. 

Hydraulic Fluids 

Data on CALRESEARCH 216   ire in Table II     Irradiation i aus« d 
G initial decrease  in viscosity followed by a moderate Increase.    After  11.7 x l< 

ergs/g C,  viscosity at 400*F was about the same as initially,  while viscosity 
at 0° F increased threefold.    Irradiation also:   low« red slightl) the initial pour 
point of -20° F, Lowered the flash point drastically; in< reased vapor prt si ure 
slightly; worsened foaming; improved wear and film strength; and caused 
gassing of aboul 1  ml/ml - 10*** ergs/g C.   Oxidation stability of CALRESEARCH 
216 was good at 400° F and a1 500*F 
but was still tolerable  ifter 1 1 

' F.    This property worsened with irradiation 
x l()10 ergs/g C.   Hydroiytic stability at  100* 

wa. Operation in a piston-type hydraulic pump was 
10" 

limilarlv affe« ted 
satisfactory initially and after a dosage of i. \ \ I0iy ergs/g ( 

Engine Lubri« ants 

CALRESEARCH 230  lata ar«   in Table III.    The fluid,   with ■ poui 
point of -lö°i",  gave low i oking and an excellent result in the WADC deposition 
test.   Oxidation stability was fair.   Irradiation to 0.99 x 1<>1() ergs/g C produce 
no change in pour point and load carrying capacity.   Only slight < hanges in 
viscosity,  flash point,  evaporation,  and deposition values were observed, 
Foaming was more Beriously d»»graded while oxidation si ibility was drasti« 
ch inged. 

Gear Lubric ants 

Development work on this product •  ■ minor during th«  conti i  I 
yar as planned.   The need for i gear lubri« ant ■ ould probably be filled I •. 
a suitable engin« oil containing an extreme pressure agent     'I ibh  IV notes 
some properties ol su< h a fluid 

WADC   I R    6  6 16 Ft II 



TABLE  I 

PROPERTIES  OF  A  RADIATION  RESISTANT ORSA3E 
 CALRESEJtRCH  159*   

Property or Teal —^— 

Radiation Dosage ,   10** erga/g C 0 7.2b 

Dropping Point,   *? 500+ 5B0* 

ASTH Wor*e3 Penetration 261 3>o 

Werk Stabi iltJ 

Penetration after 100,000  stro*ee 325 307 

Norma   HoffTiann Pomb 

Copper Corrosion,   100   hours at   '>12*W 
Oxidation,   100   hours  at  250'F,  pel 

slight  stain 
9 

alight  stain 
2« 

Dirt Content 

2b Microns 
50 Microns 

>?600 
>1600 

>7600 
)1600 

Water Resistance 

Per Cent   Loss 0 0 

Evaporation,  per  cent 

22 Hours   at   J0O*F 
22  Hours   at   *00*P 

1.7 
21 

3.1 
18.5 

Apparent Viscosity,  poises 

0*1 at   1?  sec-1 

0#F ar   .-:  sec1 
TOO0 
. 0 X 

?600 
2JC0 

Low  Temperat jre Torque 

Temperature,   *f 
Starting  Torque,   g-crr 
Running Torque,   g-crr 

-t - 3 
27( 7 

5S3 

«o 
55« 
185 

-ts 

10,525 

0 
1106 

369 

«o 
55« 
3«« 

Navjf  lear  Wear  Test,   weicht   los? 

5-lt   :   ad, Mg  100    Cyctet 
LO-H   load,   ng   IOO0  Cycle» 

2.0 
J.7 

1.8 
5.0 

Tearing. Performance 

rpa),   r.urs at 

V   °P 
1577 
279 

631 
IM «DC 

306 
195 

265 
19* »5 

•c** ^.e-.«.-alkyl bHhenyi,   12* sodlua N-octadecylterephthaiaaate, 
5f   !ldod«cjfl   aeienlJe,   3. If qulnlrarln. D3       »■   ?rradlatei   In  tin-plated  can open to air;  KTR Cane.  Source 

vi 
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TABLE III 

PROPERTIES OP A RADIATION RESISTANT 
ENGINE OIL - CALRESEARCH 2 50a 

Dosage, lu10 erga/g C 

Viscosity, cs, *f 

415 
210 
100 

0 

Pour Point, 

Plash Point 

'F 

°P 

Spontaneous  Ignition Temp.,   °F 

Poamlng,   Sequence  1  - Max.  Vol.,   ml 
Time  to Clear,rrln 

Sequence  2  - Max.  Vol.,  rnl 
Time  to Clear,mln 

Sequence  3 - Max.  Vol.,   ml 
Time  to Clear,mln 

Evaporation,   6-1/2 hr at  4u^°F,  Wt.  f 

Mean Hertz  Load   (screening  test),   kg 

Panel   Coking,   4 hr at  7o0°F,  mg 

WADC Deposition Test,  Model   F 

0xldatlon-Corro3lon,   48-hr test  on 
25-ml  sample;   air  flow  = 1-1/4  liter/hrj 

Temperature,   °F 
Weight  Change,  mg/crn2 

Fe 
Al 

Viscosity Change,   1&0*P,  % 
Viscosity Change,   21J°F,  % 
Neutralization Number Change 
Insolubles,  4 

a8l.r* Cie-ie-alkyl diphenyi ether, 15* 210 Bright Stock, 24 dlaode 
sclenlde, li trlcresyl phosphate, ^.24 Petrol Black A, O.OO10 sill 
solutIon. 

6o0-ml  sample  In aluminum container open to air;   YTR Canal  Source. 

cyl 
cone 

WADC TR  Sb-646 vlil 



TABLE   IV 

PROPERTIES OP A PROSPECTIVE 
RADIATION RESISTANT GEAR  OIL8 

1 
Radiation Dosage,  1010 ergs/g C 0 6.5b 

Viscosity,   cs,  'P 

210 6.59 6.49 
IOC 49.45 71.89 
-65 - - 

Pour  Point,   °P -20 -20 

Ox Ida tlon-Corros ion 
(7? hour» at 3*7*P,  5 liters \ 
of air/hour) 

\ 
2 

Weight Change,   rcg/cm 
Pe [ 
Al \         Probably 
Mg /       Acceptable 

Appearance \ 
Viscosity Change,   %,   °P ] 

130 ) 
-40 / 

Insolubles,   f / 

Load   Carrying  Ability 

Mean Hertz Load,  kg 45 44 

93* Cie-ie-alKyltlphenyl,   5* sulfurlzed olefln,   2% dlbenzyl 
selenlde. 

b600-rr,l   sarr.pie  In aluminum container open to air;  MTR Canal 
Sojrce. 

**S>C   73   5'--0>  Pt  II Ix 
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IN ! RODl ( T»ON* 

I   1   Obie< lives 

["he research and deve] tpment   in this i ontra< t had three 
il jectives, .is 

• i 2  J5      : • 

1    develop I   .r  ipecifi(  lubricant! having enhanced 
resistance to nuclear radiatici 

I i stud) the >-rU'> l .>   >f nu< lear radiati >n or the 
; r iperties i >f   et fuels 

[*o provide te hnical service to personnel in the 
'•. r Nu« lear P »wer pr »gram on problems pertaining 

I    the present and pr »je< ted uses of  >i ganii  flui Is 

For the foui Bpecifi<  lubricants,   performance requirements wei 
ba >ed   »n the m »si recent nohnui tear I ii';i temperature spe< ifi  ■>'. >ns 
T<   nperature I mits were extended   >(   F I i !! l ° F   >r higher; radiati in levels 
were sei in the range from to 11      roentgens (87 x 10" to 87 x U    ergs  g C) 
n is is the range in which all conventional lubricants sh m maj u  pi »pert) 
'..i  , ea      Lubri« anl   level ipmenl w   rk -ii > ounted f >r appi   xin ate] .   I >H   if the 

■ trad activity 

In the stud el fui '- ,   i survi •. was involve  I as n i target 
-  • •  fi< . •        foi  .i radiation n  »istani fuel *;i.- given     Of <   »ncern *ai the 
stabilit      f typical jet fuels to nuclear radiation     About 10% of thi    rver-all 
eff   ■ ■   «ras dev ted * i this * • rk 

( sliforms Resear  h : ersoni el   ils    served se ■   ns iltai ts during 
the (   ntract period   in special problem!   if application for   irgann   (Tuids n   the 
AN P program     Such a functioi     whi      represented aboul    '■    f contract effort 
vast desirable because   if the experience   if these pe  pie u   thib and allied fields 
since 1948      In many instances,   samples   if special lubricants were ale 
supplied 1     »thers for test wort      I his   i  tivi I    was reported only to WADC and 

not .:■:.•.-.       . .. :      ti> .   J; I 

\ ppr   a< h 

Mai      als 

Oi ..«:.■   f. .   : -   ised li   advanced n   nnucleai   lubricant specification! 
■ •••.»    ■ • it the 1   A end    f the radiation stal    Ity scale     Lubricants made 

iliphati     besten    disiloxanes    and silicones show appreciable changes 
: ■     rrties after ex   isure 1    it    it ■  '    ' roentgens (8.7 s 1    ' ergi    g Cl 

I    ei Iditivei   • .. .    •   .   ■ I •    enhance t he rad;at;   •     • .,•   .    . ■    if base fluids 
finished formulatioi    s limited by the inherent    haracterist    -   if the basi 

Ki R I  .        .   - heir Devi t and Status       I       fornts 
Reseat        Mi iN I1IJ        •     rune 3 I (CONr IDL'NTIAI 

M .   • tut     rs    inuai '   i      il n .is      A ' | 
-. Rep>n 

I • i - 



y       • > •    l compounds Are the most stable   >f all  »rgari<   species 
< . i adiati ,:       ii   ire not suitable for use a.s an   raft lubrii snts     Howevei    these 
( on po u di   n .t • be n odified i hemii a!!-, to yield materials ol optimun   i Dn pi  »mise 
between i a,;: itioi   stability and lubricanl perfoi :■,:t^u(^^.    Broadly speaking,  the 
alkyl aromatii   class of organi«   fluids was found to be   >f most interest   *        These 
flui i   sfere the i<asis foi the Largei  part of the lubricanl <}pv»jli)[,:7-<.T!t     Minimum 
'*')r^ was programed with so-called   conventional   base materials; effort s?as 
Buffn ient   >nl) t>. establish optimum formulations     The alkyl aromatic a used were 
••  i   11. n« A  :: ate rials whi< h were ape« tall) synthesized for the A »rk     1' sh >uld be 
t IM   ,:,:/.<•! tti.i* there la .in inherent time 1 i.ct \A pen .--. nthesi: 'I .;... i >• :   in      .n.:: 
testing w >rk      rhus this veai 'a synthesis research will prodw e the basi   I   r next 

i IM r's best forn  ilations 

In the jet fuel survey,  production fuels sere investigated 
prin< ipall)     S< /eral   >f these are the same prodw ts under stud) bj .i:. 
A: i   I   »rce  industry group for the development of a thermal stability test      Die 
^)i      >n radiation stability sh >'.l<i serve as a  valuable adjunct to the extensive 
testiri)   : • ing     »nducted in the Air  l-'irc*'  industry program 

!  11 radiations 

! . ;  J   l Sour« es l sed 

Umost .ill irradiations  were made in the canal gamma source .it the 
Mati rials Testing Rea» I >i   (MTR)      rhe prevailing dose rate varied almost 
tenl il I   ip to  i maxin un   of 2 x \ •■''  r »entgens (17   * x I   " e r gs   g C) per :. >ui 
Samples were exposed for various   losagcs t.;1 t > about ■ >'   x 10« roentgens 
t i;   ..l        ergs  \  C)     The values for gamma dosage are considered accurate 
al     it ♦   I 0%4 

\ . i- all nun ber of irra liati ffis were -:.a<it- ir; the California 
Re   earch   \h'    obalt- 60 source0      Prevailing dose rate was about 2    i x 11  ' 
t   •■. '.i-!: i (.'    x 10 ' ergs  g C) per hour     A» curacj    •; th<    losage values here i 
a,      ,'   »    . 1» 

! ,i   earch on the Radiation Stability   »f Organic   Fluids      (California 
Res  arch   'ir Report N i    6)  III) il 18   Oct >ber 31 .   I • »3 K ONFIDENT1AL) 

K'fecta   '! Radiation   »n   \ircrafi  I... n  ants and Fuels       (California Research 
•   im     iary Report on Contract AF 33(616)     184) WADt    rechmcal Report 

;    (CONFIDEN i LAU 

Kngine Oil Devel   pment,     (Shell Development Summar    Report) Novei 
I  >i>6    VV ^ i )c    IK   »7-177 

Monitnrini  the MTR Canal Gamma Source      A   rreatment   >f Reliabilit 
(California Research   \EC Report No    '   ) August 31    i9b"t 

B.  N        •   •        Us«   of Kilo« urie Radiati >.; ^.nn. es,     Nu< leonn i \ 

;v v  » 



I   3  2  2   Units 

Of 'hi' mam units in which I > express gamma doaag< .  the roentgen 
nas been moil popular and n eamngful (though   inly approximately c >rre< t) 
Contract lubricant apecificationa were stated in terma   >f the r »entgen. 
Measurements ;n the Ml K Can.»! Source are b >th determined (by  replai ing the 
■ample with the monitor) and reported in terma of the roentgen'      I MIS trie term 
became familial and waa used in planning irradiations 

Actually the roentgen i innol be applied to refled i   »rrectly the 
energy absorbed in hydrocarbons     A more fundan ental unit,  erga net  gran     ia 
{.'referred by Wright Air Development Center (WALK')     Thia unit ia referred I 
carbon as a stanuard and is expressed as ores   g C.    Ml gamma doaagea in thia 
report have be"n converted to erga  g C by ap| lyuig the simple fa< tor 
87. I erga ^ C per roentgen      Thus the doaagea reported arc only appr ucimate; 
true dosages in ergs g C,  which would vary wiin hydrogen»carbon rati   .  etc. 
of material irradiated,  would re [tiire a mu< h more vig iroua treatment. 
Correctional were not made for attenuation by the walla of irradiation c »ntainera 
Calculations showed that this attenuation ranged from about 3% to   >"c ' f ir the 
various container configurationa used     Thia ei Tor was Ignored as it waa «fell 
within the accuracy of measurement of radiation received by the aam| lea. 

1 . S. 2. 3   Containers 

As the exposure zone m the MTR Cian.n.a ('ana! Sour« e ia under 
18 feet of water, special container a were needed for the Irradiation   •' aam| lea 
Several types of vessels were used,   depending on the quant it.   »f organii   fluid 
to be exposed and also whether the container was to be scaled     The h »rizontal 
dimensions of the MTR gan ma grid are 3 uichea by  12 inches and i">- U8able 
depth about 24 inches      San.pie containers were placed In outer canisters  whi< h 
were within these dimensions.    It was convenient, for example,  t i use a 3-im h 
c >n aluminum pipe as an outer canister.    Pour-dram glaaa /ials A   I »• ■ 
convenient type of inner container for exposing 10-ml samples,    h rent h de waa 
borad in the plaatic top in each case,  a*«d the outer (.-mister  waa then vented to 
the canal eurface.    In exposures in which it was desired to e..( lüde air   capsules^ 
of 4 ! I  stainless steel were substituted foi the glasa viala     Ir: son e « asea the outer 
canister was provided with mi hron e heaters. 

('.   H    Hogg,   "Gamma-Ray Dosage Kate Meaaurement      US \Ei   Dot  iment 
[DO-1 62< 5,  Novembei   12,  I 155 

2 
Procedure requeated by WADC personnel 

3 Lower and upper limita assuming no or i   mplete 1  a a    reaper tive  • 
of scattered gamma rays 

4N    V   Shi ells, R   0.  Bolt   and J.  «.   Carroll     Safe Containers Hold 
Or« mica for Irradiations,     Nu< leonu s    1 *    N i     '• . t .H* ' ■  • 
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In i, ;.: . instan« es     ij.if.;.:.>       ■.• .      •   u   10 ml    ' irradiate I flui I 
ed     A     mvenient container was mad<   I     using 1 -1   -   nch sojuan A":■ • de 

alun in u    tubing.    I   >ur 24   in« h »e» ti >n    we 
elen enl i  intainei    ea< h ele i en1 held ab >ut i 

welde i t igether to torn   a r >ui 
uid.    V enta A er" a pa. i .<■ fi 

pr ivided to tl i > •  i'. i:.. i urface     The largest prai ti< al quantity  >f fluid for a 
ingle exposure was al    it 3-1    ! .'»11   ns     This was ■ ontained In an alun inum 

• a"•■   A M,■ h i onformed I i the I tlj gan n a gi i I dimen •. ins 

rest Metl   da 

Physical and chen ical properties and performance In bench tests 
were measured by standai  I methods    whenever possible.    In the few   nstanci 
where spe< ial tests were used,  the pr »cedures are noted in the text. 
Appendix l cites Btandard methods t>--  a mrce and number   it als i describes 
Rnecial tests 

I    I   Organization of the Report 

The report is   »rgamzed into six additional gecti ins as follows 

Section II Expl  rat ir>  Materials     pr »perties an I test data 
on base fluids -An:< :. were synthesize I 

Section III Lubri« atinc Greases -   devel >pment.   test data 
and statu! 

%J 

Section IV 

Secti >ri V 

Hydrauli <   Fluids - development,   test data. 
and status 

Engine Lubricants   ■ detre] ipment,  test   lata 
and status 

Se< ti »n VI Gear Lul ricants -  status 

-( cti ':. VI!        Jet Fuels - test results, 

MM*        I        • It   •- II 



i XPLOH •• rOR • IM rERIALS  ':'   ,t;    w   • 

Inti    lucti >n 

The exploral   i ■   -    /     -      pi    gran   foi  the <    ntracl  yeai   was   lesigned 
pern   I a systemati«   stud      ■:■:••    minai     evaluation   if a varietj   »1 meal 

Las se s as |    t s ible base f lui ds f 01     ibr      nt formulal    n a      l hep i    gra m wai 
; .«rt    a <      ' • ...i tion and exi   i •■•.,....... ,-ear'i    levelopments 

Emphasis was placed   >n the preparation    I .      i   ■        n       mds in view   >f 
:•      mstrated radial    sistai   ■     I   ir   i     '.    n   itei   ils      I he gen< • a — s 
ti     ■■• .     mds expl   red were 1     h   cai        -    ethers,   md esters      Variable 

A hi      wer«   Btudied   n   luded 

Nature, position,   und numbei     I [ chain attachnnenl 

b     Alky] chain structure 

Na I tu e and :    sitioi    if ai        ttic nu    eua 

Alky]  to-ai   i     >r -   i   rati 

Correlations were made between structure  md oxidativ« 
r< diatioi   stal ilities,  and I etween pi ysi< al i r iperties 

■T' " a] an 

In additi  n to the exploral   r\  -   n\  esi    progran     larger preparati   • 
if : r »mising fluids were made t i all *w full  s< ile evaluati in.    Several I  ■ ■ ■ h* - 

an alky] selenide oxidati >n inhibitor with im| roved I >« temperature properties 
were synthesized.    An investigati >n was initiated in the field  if V  I.   in ; rovers 
•'   :  h   Iraulic fluids.    In this the synthesis and preliminary evaluation of polymeri« 
materials possessing resistance to radial la mage were carried   iul 

1   >r all i on p IUI ds syntl   s    •   I    i ertain sele< ted physi« a] : ropertiei 
were      tained.    These data are tabulated foi   the various organi«  classes and 
discussed in later sections.    Fron   this in)   r ma tion,  fluids were ch   sen foi 
•-.  re extensive evaluati >i B     Data on tin se sel< i ted fluids  ire aU • t; b i la ted 
and   Liscussed in later sect!  ns 

2.2    Base Fluids ai d  Additiv« 

Alu mi nun   chloride     ita    zed   ..-   I  ti   ns with        lefins   were  .   ed 
frequently in this work to inti   duce se<   ndai     alkyi gi    .  -   mai   matic ringi 
Structural represent at   ins    f these alky]   lei     ttives   i   I •   les V through XXI 
de|   ' •   itta< I tnenl at th<   numl    i  I ■«•       n f the   ilefin     I ndei the     n liti ma 
employed,   the |  iin1   >f attachi  ent      13    e any carbon   ther than the terminal 

ne   A the paraffin   hain.    No  itten pt was ma le * i   letern Ii t the degree   if 
ncurrenl   neta and para    riental    n with the inti    luct    n    I       ire than one 

- ••.    ndai     i1    1 . i    ..      Noi     il al)        i    .   -   ntroduced lal    n    f ' I   A ■   I 
b. * •    .   •.   •     yielded    nl    the    ara i    ind these »re represented ac<    rdingl 

■   •   ■• • .   les 
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The distillation of intermediate and final product! was performed 
with simple lal »rator) apparatui using short Vigreaus i olumni     Temperature 
measurements were made with uri    rrc< T"d thermometers   and pressure! w/ere 
n easured m. Dul r »vin gages at s ; oint in the systen   i »mewhal removed from 
the i   »lurnn head     Readings were unreliable at pressures below  I mm. 

Estimated pour points were made on small samples of fluids    as 
AS'IM pour values did not always define true low temperature properties 

,. 1 
(e  0   .  n-nonyl diphenyl ether    ASTM pour,   -45*F; small-scale pour,  -20*F) 

2  2   l   Syntheses 

2. 2   I    1     Alkarvl Ethers 

The ethers of Table V wpre synthesized by refluxing isopropano! 
BOluti ins of alkali phenolates with appropriate alkyl halides.     The high pour 
>r melting points of these i impounds are serious disadvanta ges      For example 
[, 6-bis(phenoxy)hexane melted at 183*F; whereas,   ! . 6 -diphenylhexane had a 
pour poinl of 5* F 

Z.2   l   2   Esters 

Most   4 the esters of  Table  VI were synthesized by alkylating~ 
benzene or diphenyl ether with ethyl undecylenate using aluminum chloride 
catalyst     The 2-ethylhexyl esters were prepared by trans es ter if i cation of the 
ethyl esters usinp litharge catalyst 

The synthesis of dns i »ctyl terephthalate was presented in the 1956 
Summer)  Report*5.    Hydrogenation at 392 F and 2800 pgj to the hexahydro 
derivative,  using Raney nickel catalyst,   lowered the viscosity and increased 
the viscosity index without changing the 1 <w  pour point 

2. 2. 1   3   Alkylbenzenes 

Four ot the alkylbenzenes of Table VII,   li-phenylhexadei ane. 
10-phenyleicosane,   11 -phenyldocosane,  and l-phenyl~9-octadecene,  were not 
synthesized on this projeel but were available from other work.    They were 
prepared by alkylating I enzene with l - »ctadecene using aluminum chloride 
catalyst     Only the last   >> the list had a sufficiently low pour point to be of 
Interest, alth >ut:h all had a »od viscosity properties     Similarly,  the 
set- rctadecylbenzenes nan good viscosity but poor pour characteristics 

t An expeditious procedure for pour determinations consisted 'f charging 
.) cc material t ■> a small vial equipped with a low temperature thermometer. 
The Vial was placed in a Dr.  Ice-acet me bath,   and the temperature was 
graduell) 1 »W< red.    The via! was swirled intermittently, and the temperature 
at whii n the sample » e.is.-d t.   fl )w was >bserved     The material was 
all >wed t > liquefy and the or >< edure repeated 

C    \     rhon is      \n'r. Irous Aluminum Chloride in Organic Chemistry, 
\('s Monograph Series No    17 *''       ReinhMd Publishing Corporation, 
\ •«  York O 941) 

i • •••. •   >f Radiation  u   \ir raft Lubrl ants ind Fuels,    <<  ilifornia Research 
5umr    ry Re|   rt      <   ntract Al   IS«   S)-S1   I) w7AD<   Technical Report 

-     ■ |<      \   nendi« I.  p. 
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n«Nonylbenzene was synthesized by scylating benzene witr 
pelsrgony] chlorite, followed by Wolff-Kischner reduction of the ketr>ne. 
(See Appendix II I   A repetition of thii procesi substituting n-nonylbensene 
foi bensene yielded di(n-nonyl)benxene.    Alkylation of n-nonyll enzene with 
1   octene yielded set:-octyl -n-nonyll enzene. 

2.2.1   4   Alkvl Diphenyl Ethers 

In order to per:!.it extensive screening tests,   a  JOO-pound hatch 
of C|4„|g(S0/M))-eec-sJky] diphenyl ether was synthesized at an early date. 

I HI' method of synthesis Is found in Appendix 111 and was typical for the 
Introduction of secondary alkvl groups on the aromatic ring of the many 
« ompounds synthesized, particularly for the alkvl diphenyl ethers of 
Tsl le VIII.     Noriial alkvl trt'ut)S were introduced by SCylation,   followed by 
reduction,  as des< ribed In Appendix II.    Two of the compounds in Table VIII 
were svnttiesized by the Ullmann  rea« 'ion' ,  involving the metathesis of an 
alkali phenolate with m-bromotoluene in the presence of activated copper. 
These were  m-tolyl rn-n-pentadec ylphenyl ether and the intermediate 
m-toiylphenyT ether. " The latter was ai ylated and reduced to obtain m-toiyl 
n -tet radei ylphenyl ether . 

The several higher molecular «eight alkvl diphenyl ethers were 
prepared as grease bases.    Of these,  the poly-sec -dodecyl product proved to 
be the most suitable.     Details '>f the preparation of 10 pounds of this materlal 
are given in Appendix IV 

2.2. 1 . r>   Diar_. lalkanes 

The method of synthesis of the diarylalkanes in Table IX is 
i eported in Appendix El.    This method is generally applicable for the 
introduction of normal alkvl groups into an aromatic nucleus.    Secondary 
alkvl groups) [as in phenyKsec -tetradccylphenylhsodecanen   were introduced by 
the method given in Appendix III for a diphenyl ether derivative.    The compound, 
dicyclohexylisodecane,  was included in Table IX for convenience and was 
prepared by hydrogenating diphenylisodecane at 3.^2° F and 2200 psi over Raney 
nickel catalyst.    Unexpected difficulties were encountered la the synthesis of 
the three I I s(butylphenyl)nonanes.    Each contained about 5% of unreduced ketone. 
The contribution of the impurities to the properties has not been resolved,   since 
attempts to completely purify these compounds have been unsuccessful thus far. 

2.2. 1. 6    Miscellaneous Compounds and Intermediates 

The properties of several compounds not fully characterized are 
given in Table X.     The polyoctyl - rr. - terphenyl was prepared for use as a radiation 
resistant grease base.    It was synthesized by aluminum chloride alkylation of m- 
terphenyl with 1-octene in carbon disulfide solvent.     Polynonylphenyl was the 

"Organic Syntheses, " Collective Volume II,  p.   445,   .Tohn Wiiev and Sons, 
New York (1^43). 
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result of an attempt to prepare a polymer by the method of Appendix II using 
)  mole of azelan   acid chloride with slightly less than 1   mole of benzene.    The 
viscosity oi the product indicated u 1 over molecular weight than desired. 

The synthesis of 1,1, 3-tnmethyl-3 -phenyhndane was accomplished 
by dropping alpha -rnethylstyrene into a stirred mixture of benzene and 
concentrated sulfurir acid at '18° F.    The structure was confirmed by infrared 
■pectm.    Acvlation of the substituted indane and subsequent Wolff-Kischner 
reduction of the ketone were performed according to methods previously 
indicated.    The vis« oeity-temperature 1 haracteristics of the resulting 
mlkylphcnyiindane were too poor to allow further immediate interest in this 
class of materials. 

The substituted dipher.vhnethanes and benzyl alkyl diphenyl ethers 
were of indefinite structure.    These materials were prepared by reacting 
benzyl chloride or alkylbenzyl chloride with either an alkylbenzene or aikvl 
diphenyl ether using chloroform-modified aluminum chloride catalyst.    Some 
of the heterogeneous products had good viscosity and pour  characteristics, 
thereby being of interest in thi* study.    An attempt to synthesize n-nonyl 
diphenyl methane by the method of Appendix II failed. 

Some of the intermediate! obtained in the synthesis of 
exploratory base fluids were purifier! d .ring the course of the wor*..    Certain 
physical properties of these inter rneciiates are given in Table XI. 

2  2. 1 . V   Bia(tridecyl) Selenide 

It was shown in the 1956 Summary Report    that selenides are 
promising oxidation and radiation damage Inhibitors.    A principal difficulty 
was the solubility   :>f the available didodeeyl selenide in base oils at low 
temperatures.    A bis(tridecyl) selenide was,   therefore,   synthesized from 
FJnjay Oxo-tridecyl alcohol to obtain a material with better low temperature 
properties.    Several batches of this selenide were made by the method 
described in Appendix  V.     The resulting product was a nonviscous liquid at 
-20#F and had a pour nomt   >f below  -60*F 

2.2.1.8    Physical Property-Structure Relationships 
fo r Exploratory Base Fluids  

A comparison of physical properties of m »mbers of a given 
structural class reveals certain trends which should be of material aid 
:n tailoring base fluids with desirable functional characteristics. 

8   1    Alkarvl Ethers 

Structural differences of substituent groups in this class 
produced unusually marked differences in physical properties.     Isodecyl 
3~n-pentadecylphenyl ether (A) and n-hexadecyl octyl(from diisobutylene)- 
pheny] ether (B) illustrate this point as they have nearly equivalent 

Effects   if Radiation on Aircraft  Lubricants and Fuels.     (California 
Research 1956 Summer)  Report on Contract AF 33(6161-3184) 
WADC Technical Report 56-646 
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molecular weights and alkyl -aryl carbon raiios      Substantial 
supenoriiv in pour and viscosity-temperature characteristics is 
■hown for Compound A. 

o-i  Cl0 

c c 
c-c-c-c-< 

I I 
C C 

// 
(J-n 16 

VI 
IJour 

133 
♦ 1 2° F 

1 16 
♦ 38° F 

(A) (B) 

8 Esters 

Enhancement of V.l   and no impairment of low temperature 
properties  resulted from the hydrogenation of an aromatic   diester.     An 
increase in V   I    from 93 to ISO and concurrent  lowering of viscosity level 
wert) accomplished by saturation of the aromatic ring in diisooctyl 
t erephthalate 

Esters,   prepared b)  the alkylation of sromaticfl with an 
»lefinic   monobasic  seid ester,   exhibited reasonably good viscosity indexes and 

BJStisfsctory pour properties.     The range of viscosities was quite broad,   being 
dependent upon the nucleus,  nun.tier of substitutions, and type of esterifying 
alcohol       The significance of position 01 attachment of second and third 
Btubatituenl  groups has yet to be established. 

l   6.3   Alkvlbenxenes 

The \'. I   properties and moderately good pour of l-phenyl- '- 
oclsdecene are noteworthy.    Apparently tsomerism about the double bond is 
responsible for the observed low temperature properties and im|)0«es no 
sacrifice in viscosity - temperature characteristics      The olefinc character 
of this fluid probably limit! its application as a lubricant.     Unpublished API 
data  have indicated the excellent VI    of g-di(n-deeyl)benzene.     It melts    however 
■ lightly shove room temperature      Improvement m low temperature properties 
was  explored by examining the nonyl homologue and certain di-slkyl derivatives 
with a sufficient amount  of asymmetry.     Pars -di(n -nonyDbenzene was found to 
have  good viscosity-temperature characteristics.     Branching  in one of the slkyl 
groi!}':; (sec-OCtyl group [nets  and  or para to the nonyl lubstituent) gsve marked 
improvement In pour but at the expense oT V  I. 

n -Co-, 
X 

Wc9 n-C 

'\_A-c-c. 
V   I 
Pour + 40 

II 4 
>40 
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Another attempt was made to tailor a diaikylbenzene with optimum physical 
properties in which moderate branching occur ted at a carbon removed from the 
point of attachment.    Such is the case for p-2  ethylhexyl-nonyibenzene. 
Complications in initial syntheses removed this compound from further 
immediate consideration     The judicious adjustment of the normal »hain Length, 
as ■well as its branched chain counterpart on the para position of the aromatic 
ring,  could conceivably result in an uns ym metrical diaikylbenzene with 
desirable properties. 

2.2. 1.8.4   Alkyl Diphenyl Ethers 

Physical property-structure correlations for sec-alkyl 
diphenyl ethers were reported in the 19S6 Summary Report'.    The study was 
expended  somewhat by the synthesis of higher molecular weight di- and Iri- 
substituted derivatives as potential grease bases.    The effect of n-alkvl 
substituents on physical properties was investigated.    Table Xll summarizes 
pertinent data on the various alkyl diphenyl ethers prepared.    It illustrates the 
effects of chain length and nature of alkyl attachment on viscosity,   V.l. ,  and 
pour. 

Table XII 

Influence of Alkyl Group on Properties 
 of AlkylDiphenyl Ethers  

oo«, Viscosity, cs 
at 210°F V.l. 

Pour 
e   p 'Where Q .    R is: Where u     H\   is: 

n-C& 

B-C12 
n-C14 

n-C14 

n-C9 

n-C9 

n-C9 

n-C9 

n-C.r  (meta) 

H 

H 

H 

sec-C4 

sec-C4 

sec-C8 

s ec - C j 2 
n-Cq (pa-a) 

Cj (meta) 

2. 53 

3. 24 

3.83 

4   00 

2 . 6 5 

5.10 

6. 85 

5. 34 

4. 38 

121 

1 4? 

159 

1 43 

1 23 

1 14 

121 

147 

142 

1 

. -20 

♦ 7f' 

+ 7 5 

+ 5" 

-30 

- SO 

-49 

♦ 30 

•♦•25 

1 
Effects of Radiation on Aircraft Lubricants ar d Fuels,     (California 

Research 195b Summary Report on Contract AF 33(616)-3! 84) 
NftADC Technical Report 56-646,  p.   17. 
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The position of secondary alkyl attachments in the mixed n-, 
sec-alkyl dipheryl ethers was not established     However,  the indicated 
structure is considered consistent with observed V.l.  and low temperature 
properties.    The sec-alkyl (C4,  Cg,  C\$ n-nonyl diphenyl etners offer the 
best compromise of properties,  over a range of viscosity,  for a functional 
fluid in this particular structural class. 

2.2.1.8.5   Diarylalkanes 

The properties of 1, 9-diphen/lnonane ,  reported ir the 
]'<~ii> Summary Report^,   stimulated an interest in the further investigation 
of the diarylalkanes as possible base fluids.    A study was made to ascertain 
the effects of the following variables on general physical properties: 

a.    Paraffin bridge length and structure. 

b      Type,   position,  and nature of attachment of 
substituent groups. 

C.    Saturated versus aromatic rings. 

The influence of structure on viscositv,   V.l. ,  and pour is illustrated in 
Table XÜ1. 

"EffectI of Radiation on Aircraft Lubricants and Fuels.'   (California 
Research  1956 Summary Report on Contract AV 33(6161-3184) 
WADC Technical Report 56-- 4b. 
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Table XM 

Effet t of Chemical Structure 
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The following tentative generalizations can be made in regard to 
st r-ucture -property COITelatiOni with the diaryialkanei examined 
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a      An increase in chain length of ihe normal paraffin bridge 
product* a progressive increase m viscosity,   V.l.,  and  sour.     (The VI.   of 
I. B-diphenylnonane is an exception.    No explanation is acvanced for this 
apparent anomaly other than the unique contribution made by the odd number 
of   carbon atoms . ) 

b.    Branching Of the paraffin bridge gives pronounced improvement 
in   low temperature properties but a concomitant impairment of V. I. 

C.    Replacement of carbon with oxygen,   e.g   ,   1,ri-bis(phenoxy)- 
hexane,   has a deleterious effect on both  pour and V. I. 

d. Far a methyl substi*uents degrade both pour and  V. I.    However, 
methyl groups in nieta positions may lower pour points. 

e. Isomerir butyl groups likewise lower the V.l.  but appear to improve 
thCJ 1>\A temperature properties.    (The extent of contribution of impurities to 
Observed pouri and the probability of supercooled fluids have not been fully 
explored. )   The   pour of the n-butyl homologue is indeed surprising     The 
(ieisi ending order of V.I    and pour for the butyl series is 

n-(\j  N    sec-C,    >   tert-C'4 \    fused C^ 

f      A preferred orientation of paraffin and aryl groups  (with a nearly 
constant alkyl-aryl carbon ratio,   equivalent molecular weights,   and like mode 
of  alk vl attachments) follows: 

c c 

c2-c-d    ^c»/   yc-c2   \ CA'C\   >C6\ // 

c 

c-c. 

g The phenoxy -substituted diarylalkane, 1 , !1-bis(phenoxyphenyl) - 
nonane, exhibits surprisingly good properties in view of its symmetry and high 
aromatic  content. 

h.     Improvement in V. I.   with a moderate sac rifice in low 
temperature properties can be accomplished by: 

1. Incorporating mono-alkyl (either normal or 
secondary) substituent groups. 

2. Saturating terminal aromatic rings. 

2.2. 2   Evaluation of Compound« 

Thermal and radiation stability tests were conducted on the 
majority of exploratory base fluids.    Oxidation-corrosion and lubricity tests 
were performed on compounds of special interest.    Preliminarv evaluation 
results are given in Tables XIV to XVIII,   inclusive. 
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2.2.2.1   Thermal Stability 

Screening tests were conducted at 700° F for a 20-hour period in 
stainless steel capsules under a helium atmosphere.    (See Appendix 1. ) 
Measured gas evolution and viscosity change after this treatment were 
considered sufficient indication of relative thermal stability.    Although the 
method has several inherent disadvantages,  it was an expedient means for 
the preliminary evaluation of exploratory compounds. 

A direct comparison of relative .stabilities of synthesized base 
fluids in particular structural classes is given in Figure 1      Precise 
correlations were not established between structures and thermal stability 
in view of the nature of the materials evaluated.    However,   certain trends 
are noteworthy, and some generalizations can be made in regard to thermal 
characteristics and sti uctural differences.    With the exception of I, 6-bis- 
(phenoxy)hexane,  the alkarvl ethers (Table XIV) showed considerable changes 
in viscosity under the test conditions and further demonstrated the weakness 
of this structural class in a high temperature environment. 

The alky! diphenyl ethers (Table XV) were in most instances 
more stable than the alkaryl ethers.    n-Dodecyl diphenyl ether was 
particularly promising of the mono-substituted diphenyl ethers investigated 
An intercomparison of mono- and dialkyl derivatives  with a relatively 
constant alkyl-aryl carbon ratio revealed a superiority in thermal properties 
of alkyi groups with primary carbon attachments on the aromatic ring.    Such 
is evidenced in the following order of stability:    m-tolyl m-n-pentadecylphenvl 
ether } sec-butyl n-nonyl diphenyl ether>   'M-löTöO   öO)-scc-alkyl diphenyl ether 
An increase in chain length of  olefin   (Cr> to Cjo) in the monoalkylation of 
n-n >•-;-1 diphenyl ether resulted in impaired thermal stability of the dialkyl 
compound.    The presence of bis(tridecyl) selenide oxidation inhibitor in these 
particular base stocks had an adverse effect on high temperature properties. 
Test data on n-nonyl and di-n-nonyl diphenyl ethers appeared to I <e anomalous 
These compounds need further evaluation.    An intercomparison of di    and 
poly-sec-alky) aiphenyl ethers indicated ■ significant thermal superiority for 
the pol;. - substituted derivative. 

None of the exploratory dibasic acid esters (Table XVI) exhibited 
satisfactory thermal properties at 70O*F.    Certain of the elkylbenzenee under 
stud;.   (Table XVD) showed surprisingly good stability.    sec-Oc tyl   n-nonylben/cne 
was promising, and di(n-nonyl)benzene was the most outstanding base fluid 
evaluated in any of tne structural classes investigated.     Enhanced thermal 
Stability of normal alkyi group■ with primary carbon attachments on the 
aromatic ring was apam demonstrated.    Trends were indicated in the thermal 
characteristics of diarylalkanes (Table XVIII) in which aromatic   rings were 
coupled with aliphatic chains at primary carbon atoms      As night be expei ted, 
an increase in length of the paraffin   >r presence of bran« hing had a deleterious 
effect on thermal properties.    No ready explanation can be given for the poor 
behavior  of 1 , I -dipheny lnonane      Check runs need to be conducted on this 
material. 
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An interesting observation was the marked improvement in stability 
when the aromatic rings of diphenylisodecane were hydrogenated.    The 
saturated derivative, dicyclohexy lisodeeane,  was equivalent in stability to 
1, I U-diphenyldecane.    Further measurable improvement was observed for the 
diphenylisodeeane with an incorporated n-nonyl alkyl group      A striking 
variation in thermal properties was apparent in di-substituted (C4) 
1,9 -diphenylnonanes.    Here the only variation in structure is in the alkyl (C4) 
substituents.    The tert-butyl and fused C4 (to give a tetralyl or 1,2,3, 4-tetra- 
hydronaphthyl structure) groups made substantial contributions to the thermal 
stability of the parent 1 , u-diphenylnonane, whereas,   normal and secondary butyl 
substituents appeared to give inferior qualities.    The order of stability based 
on per cent viscosity change was as follows:    1, 9-bis(tert-butylphenyl)nonane  \ 
1 , 9 -b;s( 1,2,3, 4-tetrahydronaphthyl)nonane )   1, 9 -diphenylnonane) 1 , 9-bis - 
<n-but vlphenyDnonane > 1 , 9-bis(sec -butylphenyDnonane.     Phenyl- and 
pheiioxy-substituted analogs were nearly equivalent in stability but were 
inferior to the parent compound in this regard. 

The merits of assessing an order of thermal stability on the basis 
of a single property or test are questionable.    However    an attempt was made 
to do this, and a tentative order   of excellence is given in Table XIX for all 
exploratory compounds tested. 

2.2,2.2   Oxidatr)n-Corrosion 

Quarter-scale oxidation-corrosion tests were performed only on 
preferred exploratory base stocks in Tables XIV through XVIll at temperatures 
Of either 400* F or 500° F,    (See Appendix I.)   Parabar 441 and bis(tridec yl) 
meiernde were used as oxidation inhibitors .    The adverse effect of the selenide 
on metal corrosion (copper,   silver)  was anticipated.    Results of runs at 500° F 
are  of questionable significance because the correlation of these with engine data 
bias   yet to be established      Valid conclusions about relative oxidation 
stability of the various compounds examined do not appear to be justified in view 
of the limited reproducibility of the test (refer to Section 5 on gas turbine 
lubricants),  as well as the small number of materials tested.    Within these 
limits,   certain trends are indicated in alkaryl ether,  alkyl diphenyl ether,  and 
ciiar via lkane structural classes. 

Enhancement of oxidation stability by the tertiary octyl group was 
evidenced in the 400° F runs on the alkaryl ether series (Table XIV).    The 
following decreasing order of Stability was observed: 

C       C 

c--c-c-c>:    Vo-n-Ci6 ) <T/-0-i-C10  )     x   ^-O-n-Cia 
C        C n-CI5 

As might be expected,   the susceptibility to oxidative breakdown in alkyl 
d iphenyl ethers (Table XV) at 400*F increased with increasing paraffin 
content      Di [Cig.|g(32  68)-sec~aikyl]   diphenyl ether was an exception in 
thus  cmv.    The descending order of stability based on viscosity increase at 
1 00* F was ma follows 
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TABLE XIX 

VISCOSITY LOSS OF BASE FLUIDS AT 70Q°P 

(20 Hours - Helium Atmosphere - 4jQ Stainless Steel Capsules) 

Per Cent Viscosity Lose 
Base Fluid at 1C0°F 

n-Dodecyl dlphenyl ether 
Di (n-nonyl )benzene }    <5 
1,9-Bls(tert-butylphenyl)nonane } 

} 
1,^-Dlphenylhexane 
n-Nonyl-1,1 ,^-trlmethyl-^-phenyllndane    (       5-10 
10-PhenyIelcosane 

rn-Tolyl m-n-pentadecylphenyl ether       "\ 
sec-Octyl-n-nonylbenzene /   *0-15 

1,9-Bls(1,2,3,4-tetrahydronaphthyl)nonane 
aec-Octyl n-nonyl dlphenyl other \        15-20 
sec-Butyl n-nonyl dlphenyl e-her 

Phony1(n-nonylpheny1)lsodecare 
Poly-sec-dodecy1 dlphenyl ethei 
1,10-Dlphenyldecane \       20-30 
sec-Octadecylbenzenes 
n-Nonyl dlphenyl ether 

l-Phenyl-9-octudecene 
Dicyclohexyllsodecane ,   ,,.. .- 
sec-Dodecyl n-nonyl dlphenyl ether       /      ° 
1,9-Dlphenylncnane 

l/>-Bls(phenoxy)hexane ">    . 
l,9-Bls(n-butylphenyl)nonane ) *v~ov 

sec-Butyl n-tetradecyl dlphenyl ether *\ 
1,9-Bl3(phenoxyphenyl)nonane I   -„ -n 
1,9-Bls(blphenylyi)nonane /   5J-ou 
C14-ie(

u>0/50)sec-alkyl dlphenyl ether J 

n-Hexadecyl octyl(DIB)phenyl ether 60-70 

1,9-Bis(sec -butylphenyl)nonane 
Bis(carbe t hy1 he xoxyde c y1)benzene 
Polyoetyl m-terphenyl (        70-80 
Isodecyl V-n-pentadecylphenyi ether 
Dlphenyllsodecane 

Bls(cartethoxydecyl)benzene ] 
Dl£Ci«-ie^2, t.-^sec-alkyi^) dlphenyl ether \ 60-90 
1 ,t -Bis(see-hex;;lphenyl jhexane j 

Phenyl(sec-tetradecylphenyl)lsodecane    1   QO-Q2 
Dl -sec-tetradeey 1 dlphenyl ether /   ■' 
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d: [Cjß-18(32/88)-aec -aik\i   diphenyl ether 

Ci 4-i g{50/~)0)-sec-alkyl diphenyl ether ~   n-dodecyl diphenyi eihe* 

di-see -tetradecyi diphenyl ?ther 

poly-sec-dodecyl diphenyl ether 

The gelation observed for di-n-ncnyl diphenyl ether is attributed chiefly to 
impurities in the sample.    The unexpected^ poor results from n-nonyl 
diphenyl ether and its sec-alkyl derivatives have not yet been explained. 

A gradation in stability was apparent in the diarylalkane series 
in runs at 500° F (Table XVIII).    Terminal phenoxy  substituents on 1 ,''-diphenyl - 
nonane contributed substantially to oxidation resistance.    Hydrogenation of aromatic 
rings in diphenylisodecane likewise enhanced the stability of the diarylalkane. 
This saturated derivative gave the most promising results of any exploratory 
compound tested thus far,  with only a 10% gain in viscosity at 100°F.    The 
parallel of a decrease in oxidation stability with a decrease in chain length of 
the coupling paraffin is indicated L. the following observed order: 

(j}-c"{]) > 0"°OC9O" 
> 

I-Q( 
; 

Test data are incomplete on the limited number of ester« and 
alkylbenzenes examined (Tables XVI and XVII).    The  i -phenyl - 9- octadecene 
gave anticipated poor results,   while the stability of 1 O-phenyleicosane was 
surprisingly good. 

2   2.2   3    Radiation Stability 

Irradiation of exploratory base stocks was conducted entirely 
at  the   MTR   Canal Gamma Source      Ten milliliter,   inhibitor-free samples 
were exposed in sealed stainless steel capsules under a helium atmospht-re. 
Each fluid was irradiated at about 60°F at two dosage levels      Viscosity changes 
at   10O°F and 2 10° F and the volume of gas evolved were measured after each 
exposure. 
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The majority of the compounds examined showed less than a 10% 
viscosity gain at  ICO'F alter a dosage of 1.0 x  10itJ ergs   g C.    Substantial 
differences in viscos'ty change w: re observed with additional exposure up 
to 6   i' x  le'U erga   , C.     An index of damage, ?7l0  *    vas adopted to permit an 
int; rcomparison   >( the relativ* radiation resistance of materials a. 3 given 
dosage !cve!.     ^'      is denned as the via   osity (centistokes) at that temperature, 
lift,   at which the viscosity of the original materials was 10 centistokes. 
Individual ^/IQ values at two dosages were determined for the compounds tested. 
Logarithmic   plots of these values as a function of dosage were made,   and a 
dosage of 5.0 x 10u ergs  g C was chosen for the interrelation of all fluids. 
Linearity was previously shown in a similar plot for butyibenzene,  within the region 
of dosage of current concern". 

Table XX broadly categorizes chemical classes and compounds as to 
their relative resistance to radiation.    The apparent superiority of 1 , 9-bis(biphenyl) 
nonane and the substituted indane must be qualified because these materials were 
solids at the exposure temperature, other materials were liquid.    Only a few 
generalizations may be made in regard to structural differences and observed 
radiation resistance.    Moderately stable compounds were found in each 01 the 
«everal chemical classes.    Apparently the relative stability w\.    not strictly a 
.natter of per cent aromatic content, factors such as functional groups present and 
points of attachment also contribute.    Most of the diaryialkanes and substituted 
diphenvl ethers exhibited only si lall differences in stability. 

2. 4   Lubricity 

The Mean Hertz Load screening test (described in Appendix 1) was 
used to evaluate the lubricity of selected base stocks (Tables XIV through 
XV 111).     Representative fluids of the various structural classes exhibited 
moderately good lubricity,  with values ranging from L0-23 kg.    The majority of 
the samples tested gave values greater than 15; 1, 8-bts{phenoxvphenyl)nonane was 
the best material of all with a value of 23. 

2.2, 3   Conclusions 

The synthesis and evaluation of over 60 compounds,   representing 
primarily  five different structural classes,   were involved in this preliminary 
effort to develop promising functional fluids for lubricant formulation.    A summary 
of data from this Mud\  is given in Table XXI.    An arbitrary rating scale was used 
to differentiate between the potentials of particular compounds.    Base stocks with 
reasonably good physical properties were found in ester, alkylbenzene,  alky] 
dlphenyl ether,  and diarylalkane classes.    Within the limits of the compound* 
studied and the significance of available screening test data, the following 
tentative conclusions were made 

K    O    Bolt and .1     t;    Carroll,     The Radiolysis and Radiolytic Oxidation 
if Lubricants,'   Imi Eng Chem 50,  No.  2.  February 1953. 

Research on the Radiation Stability Of Organic Fluids," (California Research 
\EC Report No.  6) Til) 5148, October 30,  1 »53, u 14. 
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a. L'sters are inferior to the other (lasses in thermal 
characteristics at 700*F. 

b. Within each class,   th^re are members which exhibit good 
• resistance to radiation. 

c. Alkyl diphenyl ethers and diarylalkanes appear to be more 
stable than the other classes to cxidative effects, although 
few materials show much promise. 

d. No pronounced differences occur among the classes In 
lubricating characteristics with the exception of 1,9-bla- 
(phenoxvphenyl)nonane which is exceptionally good. 

e. As a class,   the alkyl diphenyl ethers offer most promise 
for further development as lubricant base stocks. 

In consideration of all properties of compounds under study,  the 
following candidates are of most interest: 

Hydraulic Fluid and Gas 
Turbine Lubricant Bases 

a. 1, 9-bis(n-butylphenyl)nonane 

b. 1, 9-bis(phenoxyphenyl)nonane 

c. sec-butyl n-nonyl diphenyl ether 

d. sec-oetyl n-nonyl diphe> jl ether 

e. sec-dodecyl n-nonyl diphenyl ether 

f. sec-octyl-n-nonylbenzene 

Grease Bases 

a. poly-sec-dodecyl diphenyl eth*»r (50% bottoms) 

b. 1, j-bis(l, 2, 3, 4-tetrahydronaphthyl)nonane (boiling range, 

490-52 7° F per 0. 3 mm) 

c. bis(n-nonylphenyl)methane (indefinite structure,   50% bottoms) 

d. polyoctyl- m -terphenyl 

2 . 3    Viscosity Index Improvers 

Preliminary investigations were conducted in this field to provide 
ingredients for hydraulic fluids.    Commercially available V.l.   improvers, 
e.g. ,   Paratone N and Acryloids,   lose thickening power rapidly when 
exposed to radiation  .    Initial studies were directed toward polymers containing 
aromatic rings to improve radiation stability. 

'Radiation Resistant Lubricants - Their Development and Status,   (California 
Fesearch-AEC Report No.   7) TID 5186,  June 30,   1954 (CONFIDENTIAL). 
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2   3   1    Syntheses 

A series of p >ly(alpha -methylsty enes) was prepared by low 
"«•mperature,   solution polymerization techniques      Boron tnfluoride gas and 
cone«ntrated sulfunc acid were employed as catalysts.    Methyl chloride was 
used as a diluent for the monomer.    Regulation of reaction temperature afforded, 
a   conv< .ient means of varying molecular weight.    No effort was made to 
ascertain the breadth of molecular weight distribution for a given polymer 
preparation      Polymers were precipitated from benzene solution with methanol 
prior to the determination of intrinsic viscosities.    The general viscosity- 
molecular weight range was indicated from the empirical relation (T\)   ■  KMa 

for a   styrenel where r =   intrinsic viscosity,  K s   1   03 x 10~4,anda ■   0.74. 

Table XXII summarizes the polymerization conditions and 
pertinent data obtained from the series of runs.    Further experimental 
details are ^lven in Appendix VI. 

The polymers were alkylat«*d (HF catalysis) to varying degrees 
with propylene tctramer and/or n-1-dojecene to impart solubihzing 
characteristics.    These olefins were chosen by virtue of their ready 
availability and their pertinence in a study of the effect of nature of attachment, 
configuration of the alkylating group,   and degree of alkylatioi. on radiation 
stability and V. I.   improvement.     Para substitution on the aromatic ring 
predominated for both olefins under the alkylating conditions employed. 
However,  the nature of attachment differed.     Propylene tetramer yielded 
attachments at tertiary carbon atoms, whereas,   n-1-dodecene yielded 
secondary alkyl attachments"     Alkylations were performed in o-dichloro- 
benzene solvent at 41 °F and at a constant rate of stirring.    The mole ratio of 
polymer/ solvent/olefin/hvdrogen fluoride war 1/18/2.7/41   (weight ratio 
:    1/22, 3/3. 8/?. 5).    Alkylation time varied from one to six hours.    Dets.'is 
of the alkylaton procedure are in Appendix VH. 

Attempts to measure degree of alkylation by carbon-hydrogen 
analyses were not entirely successful.    Recourse to other methods of 
analyses,  e. g. ,   infrared,  was not taken because neither V. I.  improvement nor 
thickening p >wer appeared to be primarily dependent on the length of alkylation 
time employed     The degree of alkylation was estimated to be in the range of 
15-50%. 

The solubility and V. I.  improving properties of the partially 
aLkylated poly(alpha-methylstyrenes) (A PA MS) were determined in a typical base 
fluid.   C{ 4_! g-sec-alkyl diphenyl ether.     Intrinsic viscosities,   molecular 
weights,   and viscosity-V. I.  relationships in the alkyl diphenyl ether are 
summarized in Table XXIII     A comparison of intrinsic viscosities in benzene 
of the original poly(alpha-methylstyrenes) and the corresponding partially alkylated 
derivatives indicates little   de polymerization occurring during alkylation. 
1   W.   R.   Krigbaum and P.  J.  Flory,  J Polymer Sei U_,   37(1953). 
2 
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ThicKening power of the APAMS as a function of molecular 
weight is illustrated in Figure 2.    Similarly,   the V.l.   improving 
characteristics of the APAMS family are shown in Figure 3.    The viscosity 
indexes of the upper molecular weight, members of the series compare 
favorably with Paratone N (polvbutene) and Parapol S-JG (isobutvlene-stvrene 
copolymer) and are slightly inferior to Acryloid 710    [poly'lai ryl methaeryiate}J . 
No significant differentiation could be made between  poly (alpha -methylstyrenes) 
alkylated with propylene tetramer and those alkylated with n-1-dodecene in 
regard to thickening and V. I.   improvement in the selected base fluid 

A further effort was made to synthesize aromatic,   radiation 
resistant polymeric thickeners.    Substitution of an alkylphenoxyethanol for 
lauryl alcohol in the methac rylate (Acryloid) series was explored.    The monomer 
■was prepared by oxyethylating an alkyKCj 9)phenol and subsequently reacting the 
alkylphenoxyethanol with   methacrylyl chloride.    Details of the monomer synthesis 
are  described in Appendix VIII.    A limited number of solution polymerizations were 
carried out.    Fifty per cent monomer solutions m benzene were treated with 0. 1 f0 

to 1 . 0% cc,&' -azodi-isobutyronitnle catalyst and the mixtures heated at reflux 
temperature (204* F) for a period of eight hours.    The polymers were 
precipitated with methanol and dried to constant weight.    Further polvmerization 
details are given in Appendix IX. 

No attempt   was made to measure molecular weights of the prodi Cts, 
but  blends were made in C] 4.1 ß-alkyl diphenyl ether.    Table XXIV summarizes 
the  polymerization results as well as the thickening power and viscosity- 
temperature characteristics of the polymers in the chosen base fluid.    The 
poly(alkylphenoxyethyl methacrylate) (APEM) prepared from 0. 1% azonitnle 
catalyst at 4% to 6% concentration in the alkyl diphenyl ether exhibits V. 1. 
improvement comparable to Acryloid 710 but is inferior in thickening power. 

2.8.2   Irradiation Studies 

Gamma exposure studies were unciertaken to ascertain the relative- 
stabilities of the APAMS and APEM polymers described.    Comparative tests were 
also made with the commercial polybutenes,   poly(alkyl methacrylates),  and 
isobutene-styrene copolymers.    The relative thickening power of these polymer 
types,   in C14- \ t,-sec-alkyl diphenyl ether,   is depicted in Figure 4.     The upper and 
lower curves for a given polymer represent the limits of effectiveness of the 
various materials selected for intercomparison.    In the irradiation work,   different 
molecular weight polymers were used to thicken the inhibit or-free ether base oil 
to 1 0 ♦ 0. 3 centistoke    at 210° F.    These blends,  approximately 8 CC each,   were 
placecfin  Pyrex containers open to air and expios» -rib: t'ftft cobalt -60 source at 
about 75* F.    Viscosity measurements at  100*F and 2 i 0° F were made at 
appropriate intervals. 

Table XXV summarizes the irradiation data obtained.    The base 
fluid showed a small increase in viscosity and a constant viscosity index over the 
dosage range indicated.    Gross differences were found in the radiation resistance 
of the polymer blends.    The order of stability was APAMS )   APEM \   ParapolsN 
polybutenesN  Acryloids. 
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Dependence of stability on molecular weight was sh jwn for the 
APAMS,  polybutenes, and Acryloids.    As mi^ht be expected, the lower 
mole« ular weigh! representative! in each class gave less viscosity loss.    This 
la  illustrated for the Acryloid and A JA MS families in ! igure  >.    The APAMS 

ble improvement in Stability existed we re supe n or nit in addit ion .   con; id' 
over a narrower concentration rang»' for the APAMS than for the Acryloids, 
However, this may not be real because fhe polymers used were not of 
comparable molecular weight.     Likewise the superiority of  APEM over the 
Acryloids may be due to a molecular weight disparity rather than indicative 
o*' an Inherent stability of the alkylphenoxyethy] group in the methacrylate 
monomer unit.    Evaluation (if lower molecular weight poly(alkyi methacrylate) 
homologues,   with substantial V   I.   improving characteristics    is suggested. 

The Acryloid ashless detergent V.l. improvers, Acryloids 917 
and   166,   were indistinguishable from the other Acryloid polymeric thickeners in 
radiation resistance when compared in the same molecular weight range. 
Similarly,   no stability differentiation could be made with polv(alpha- methvlstyrenes) 
partially alkylated with propylene tetramer and n- I -dodecene.    Data were 
insufficient to permit a valid inter« ompanson of the Parapols and APAMS on a 
molecular weight basis.    At a constant aikyl-aryl carbon ratio,  a significance 
in paraffin configuration in the polymers could possibly be established. 

The viscosity loss with gamma irradiation for the various polymer 
(lasses under study is shown in   Figure f>.    A fixed concentration,   1.4%,   was 
used in the a Iky 1 diphenyl ether.    The Acryloid curve is interpolated from 
Figure 5.     By coincidence each blend had an original viscosity of 10 cs at 
2 l<|0F.    The APAMS were again superior.    Figure 7 illustrates the V.l. - 
viscosity relationships for these polymers.    The V.l.   of the base fluid is 
114,  B  point on the abscissa of the plot.   The curvature of the dosage-level tie 
lines is of no particular significance.    However,   the points of intersection 
with the V.l. -viscosity curves are noteworthy.      V.though the polybutene and 
Acryloid give an initial measurable V.I    advantage,  substantially less viscosity 
and V   I.   losses are observed for the APAMS after the gamma irradiation 
indicated.     No attempt was made to explore higher dosage regions where 
complicated secondary effects in thickening and V   I.  could be anticipated. 

2. 3. 3   Recommendations 

Supplemental studies are warranted to further elucidate and 
qualify the APAMS as V. I.   improvers for hydraulic fluids.     Further 
investigations should include the determination of 

a      Optimum degree of pol\ (alpha- methylstyrene) alkylation 
to obtain maximum V  I.   improvement. 

i>     Optimum length of paraffin alkylate for maximum V.l. 
effect. 

c.     Stability of lower molecular weight homologues (some 
sacrifice In V 1   improving characteristics is expected). 
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d. Solubility and V.l.   improvement in other types of base 
fluids. 

e. Shear and thermal properties. 

f. Effect of inhibitors on radiation stability. 

Other polymeric structural types containing appreciable aromaticity are 
worthy of evaluation as potential V. I.   improvers for hydraulic fluids. 
These include alkylated derivatives of: 

a. Polystyrenes 

b. Foly(£-phenylstyrenes) and (jj-pheryl-alpha-methylstyrenes) 

c. Poly(g-phenoxystyrenes) and (£-phenoxy- alpha-methylstyrenes) 

d. Polyphenyls 

e. Butadiene-styrene copolvmers 

f. Poly(phenyl and phenoxyethyl acrylates) 
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3   LUBRICATING GREASES (B.  W.  Hotten) 

3, 1    Introduction 

Previous research    showed that greases having much better 
radiation resistance man possegged by commercially available productl could 
tje made with the aid of syn'hetic alkvl aromatic oils and aromatic gelling 
sgents.    The 1957 program was aimed at further improvementg in radiation 
resistance and other functional properties,   auch at life m bearings at high 
temperatures.    Variations In gelling agents,   oils,  and the third important 
grease ingredient,  additives,   were studied. 

Greases described in this section were made by the following 
general procedure.    The sapomfiable portion of the gelling agent,   e.g. , 
methyl-N-oetadecylterephthalamate,  was dissolved in the oil by heating 
to about 300° F.    The mixture was cooled to about 150* F; and the 
saponifying agent,   e   g. ,   sodium hydroxide,  dissolved in water was added. 
The mixture was heated to about 350° F to complete the saponification and 
dehydration.    It was then pan cooled and milled through a 1   4-inch needle 
valve,  opened about a half turn,  at about 4000 psi pressure.    Additives,  when 
used,  were put in just before the nan cooling.    Grease mixtures that did not 
require saponification were heated directly to about 4(H)0 F,  pan cooled,   and 
rriilled. 

3.2    Radiation Resistant Grease: 
CALRESEARCH  159 

This most promising grease developed in previous research was 
evaluated thoroughly in laboratory tests and was made available for trial by 
P otential users. 

3.2.1    Composition 

CALRESEARCH 159 had the following composition 

Per Cent by Weight 

Sodium N-oc tadecylterephthalamate 12 

Didodecyl Selenide 5 

Quinizarin 0. 1 

^16-18-s&c-alkylbiphenyl Oil 83 

The oil was synthesized from C'j g. j g-alpha-olefins and biphenyl   . 
F lftv  pounds of grease was made for test work, 

Effects of Radiation on Aircraft Lubricants and Fuels,     (California Research 
1 956 Summary Report on Contract AF 33(6 1 6) -3 1 84) WADC Technical Report 
56-646 (CONFIDENTIAL). 
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3, 2 . 2    Properties 

Some oi the properties of the anirradiated grease were measured 
and reported earlier,    The rest,   plus the properties on an irradiated sample, 
were measured during lf<57.    AH pertinent data are summarized in Table I, 
page vi.    The Irradiation was performed on a 5-pound sample in the MTR 
Canal Source in Idaho. 

CALRESEARCH 159 softened 6° points in worked penetration 
as a   result of irradiation to 7 . 2 x  i0*° ergs/g C but,   surprisingly,   was stiffer 
thin the uni rraciiated grease after  100,000 strokes.    This stiffening may partly 
compensate for radiation softening in some dynamic applications.    The grease 
gave   moderate staining in the copper corrosion test both before and after 
Irradiation.    It  passed the severe oxidation test before,   but not after, 
irradiation.    It failed the dirt count,  probably because of undissolved 
quiniaarin; this deficie ■<:y i an be corrected in future batches by omission of 
quinizarin or use of a higher dissolution temperature.    Fvaporation and wear 
changed negligibly as a result of irradiation.    Apparent viscosity and starting 
torqu'1 at .1° (•' dropped to less than half*the original values,   results probably 
related to tin   general radiation softening of the grease.    Bearing life at 300*F 
had a geometric mean of 1000 hours before and 284 hours after irradiation, 
■'it 35CF it  was  J"0 hours before and 120 hours after irradiation. 

In general,  the radiation effects of the high gamma dosage of 
7.2 x 10      ergs/g C were moderate.    Typical commercial greases liquefy 
al   dxaut  half 'his dosage   uni then become hard at higher levels. 

A sample of C ALHESEARCH  159 was also irradiated for about 
1 3.4 x lo10 ergs/g C at 350*F.    Duplicate bearing lives at 350° F after that 
were  147 and 174 hours.    Thll   is very good,   considering the seventy of 
treatment,    A conventional sodium soap grease (Chevron OHT) was too hard 
to run at   all in a hearing after such irradiation. 

CALKFSKAKCH  159 and two commercial greases wore subjected 
to the combined radiation of the Brookhaven pile.    Dosage received was about 
1. 9 x 1010 slow neutrons1 per square cm.    Results are compared in 
Table XXVI. 

1 Slow neutrons by Co activation (below Cd cutoff). 
Gamma radiation above  1   Mev by calorimeter "^   10*^ per sq cm. 
Fast neutrons above   1. *> Mev by Np"°'  activation^  1, 9 X  10*'  per sq cm, 
Results from Contract AT{1 l-D-174 research. 
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Table XXVI 

Inspections on Pile-Irradiated Greases 

Urea Be 

Sample No 

ASTM Unwonted Penetration 

On gtnal 

Aft- r Irradiation 

Appearanee 

i   After Irradiation 

Chevron    [Chevron Industrial] 
lOHT Grease       Grease He a v v     lc ALK ESEA RCH_ 15 9 

u.< 69-5 

1 

2 8:- 

5:-!       103 

Rubbery 

1 

( 8 

45 4 5 

Ver\  Hard 

69-3 69-6 

| 
26] 

296 296 

i 
Smooth, Soft 

 u 
Only C.ALKESEARCH 159 was -oft enough for further use after the exposure. 

3.2. 3   Field Tests 

CALRFSEARCH 159 was a joint development under this contract 
and also AEC Contract AT( 1 1 -1) -1 7 4 ' .    Samples were distributed to various 
people having a need for s radiation resistant grease.    The status of this 
test work is outlined  in Table XXVII. 

Table XXVII 

Status of Field Tests on CALRESEARCH 159 

Company 
mm i       A  -M, 

General Electric Company, 
A N P De pa r t m en t 

General Motors Corporation, 
New Departure Division 

General Dynamics Corporation, 
Electric  Boat Division3 

OaK   Ridge National 
Laboratory3 

WADC 

J ack and Heintz,   Inc. 

United Aircraft Corporation, 
Pratt and Vhitnev Division 

Status 

Planned for use in Idaho in hot ( ells 
for handling reactor cores 

Tests in progress on bearings 

In use on USS   Sea   Wolf to lubricate 
primary coolant valves } 

Successfully tested in small bearings 
inpile and outpile. 

Tests in progress. 

Tests planned 

Used to lubricate bearings in the 
MTR,   further tests planned 

Grease forwarded under AEC Contract AT(! l-U-174 

Publicity releases not permitted without express permission of 
U   S.    Nav.  Bureau of Ships 

Radiation Resistant Greases,    (California Research-A EC Report No   8) 
AECtJ  3148,  -Uine 30,   ! >56,  p    2]. 
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3 .3   New Gelling Agenta 

Research in 1956    showed that greases made with N-alkyl- 
terephthalamatea as gelling agents lost less gel structure with irradiation 
ttian <iid  those made with conventional soaps.    As means of further improving 
radiation resistance,  a sodium alkylterephthalamate was compounded with 
more highly aromatic salts or replaced completely by other higher aromatic 
c <impounds. 

3,3. 1     Mixed Salts 

Results on a series of greases made from 1   1 molar ratios 
of sodium N -octadecylterephth.ilamate and other sodium sails are in 
Tahle XXVIII.    The first grease listed (4869-40) is for reference,   with 
no added sa It. 

Grease 4591-43 contained sodium benzoate as the added salt. 
It   stiffened slightly after irradiation to 1. 65 x 10^ ergs   g C and was 
softened about 20 penetration points from the original at 3. 48 x I0'n ergs/g C. 
Electron micrographs of the hexane-washed and uranium-shadowed grease at the 
Increasing irradiation dosage» are in Figure 8.    The very fine,   curved 
crystallites are tne terephthalamate, and the larger crystallites with a basket - 
weave pattern are the benzoate.    The benzoate crystallites stabilized the 
terephthalamate gel structure despite the fact that the two sets of crystallites 
are discrete.    In the micrographs damage is not evident to either crystalline 
phase 

Grease 4669-27 contained sodium £-biphenylearboxylate.    Unlike 
th e benzoate grease,  it softened about 30 penetration points initially and 
leveled off for the rest of the radiation dosage. 

Grease 4669-12 contained crude sodium dibenzyldithiocarbamate 
as  the added salt.    The acid for this salt was made as follows. 

Eighty grams zinc dibenzyldithiocarbamate (Eastman) was 
refluxed in a mixture of 400-ml concentrated hydrochloric acid 
and 40(i-ml water for three hours.    The reaction mixture was 
cooled and filtered and the filter residue washed with ice water. 
A neutral equivalent of 257 was found for the product (calculated 
2 7.3). 

Wlien  the grease was irradiated,   its stability against sofiening was very good. 
In   fact, there was a slight gain in stiffness.    The composition of this grease Is 
uncertain.    It was hoped that dibenzyldithiocarbamic acid could be obtained 
by   acid hvdrolvsis of the zme salt.    But such acids are unstable,  and the product 
obtained may contain dibenzylamine hydro'hloride and unreacted zinc salt. 
Electron  micrographs of the irradiated groase are in vigure 9,    As in the 
benzoate  grease,  there are two distinct crystalline phases, but the thiocarbamate 
crystallites are coarser than the benzoate.    No crystal damage is evident 
from  irradiation. 

Effects of  Radiation on Aircraft Lubricants and Fuels,     (California Research 
1 95S Summary Report on Contract AF 33(616)-3184) WADC Technical Report 
&6-6 46 K CONFIDENTIA L). 
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Grease 4669-28a < ontained a purer form of sodium dibenzyl- 
dithiocarbarnate,  which was made as follows 

A mixture of 7'* g (0. 4 mole) dibe^zylamine and 
70 g (1 rrule) carbon disulfide was stirred in a 500-ml flask. 
The temperature rose from 77°F to  140° F from the heat of 
reaction.    A solution oi 16 g (0.4 mole) sodium hydroxide in 
an equal amount of water was added slowly.    The mixture 
formed a thick paste, 32-ml water was add^d to thin it.    The 
mixture was refluxed one hour.    The excess carbon disulfide 
was boiled off.    The residue was cooled to room temperature, 
filtered,  and the white crystals obtained were dried 
Yield 40 g; sulfated ash,   23% (theor.   24%). 

Despite the difference in methods of synthesis,  the two dibenzyldithiocarbarnate 
greases responded equally well to irradiation.    An attempt to make a grease 
from sodium dibenzyldithiocarbarnate with no terephthalamate failed. 

3. 3. 2   p- Tolylterephthalamate Creases 

Another method of achieving higher aromaticity in the solid phase 
of greases was the use of a more aromatic primary gelling agent in place of 
aromatic salts added to the N -oetariecylterephthalamate.    The ester for one 
such gelling agent was synthesized as follows: 

Two moles (640 g) of methyl terephthaloyl chloride 
in toluene was added during two hours to a mixtures of 2 moles 
(214 g) p-toluidine,  2 moles (202 g) triethylamine,   and 300 ml 
toluene at 140- 158°F.    The cooled suspension was filtered. 
The filter cake was washed with water until free of chloride 
and extracted with hot toluene five times.    The toluene 
solution was cooled and filtered.    The filter cake was rinsed 
with ether and dried.    This solid amounted to 160 g of 
light tan crystals - melting point 406° F (previously obtained 
melting point for methyl N-toiylterephthalamate - 403° F). 
The residue insoluble in hot toluene weighed 206 g; it was 
probably terephthaldi-p_-toluidide.    Salts of the monotoluidide 
are highly aromatic and should have good radiation 
resistance: 

(Metal) OgC X\      /> CONHi VcH 3 

Three greases made with this amate are described in 
Table XXIX     Grease 4869-17 (mineral oil) softened about 20 penetration 
points initially and leveled off in further irradiation (cobalt-60) to 
3.36 x  10*1' ergs   g C.    Its dropping point increased with irradiation. 
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Grease 4669   18-3 (alkylbiphenyl oil) softened only about 30 points even after 
t he very high dosage of 11   3 x  10*" e   gs   g C in the MTR ('anal Source.    Its 
bearing life at 350*F' was good in ?w> runs out of three.    An attempt to use 
lithium hydroxide in place of sodium hydroxide as the saponifying agent in 
Grease 4669-19 failed to yield a useful gel structure. 

3. 3. I   Nonmetallii   Gelling Agents 

Several attempts to prepare effective nonmetallic gelling agents 
from iso< yanates were made.    In "a> h experiment the amine was dissolved 
in halt of the base oil and the isocyanate it1 tmj other half.    The two portions 
«rere then mixed and heated to about 400*F.    These agents had inadequate 
gelling power al about 20% i oncentration in an alkylbiphenyl oil, as shown in 
Table XXX. 

Table XXX 

Expl »ratory Isocyanate 
Derivatives as Gelling Agents 

Grease No. 

p-3ipheny] •! Isoc yanate,   g 

p-Phenylene Diisocyanate, g 

ri-Octadecyl Isocyanate,  g 

p Toluidine,  g 

p-A minoacets ni 1 tde,   g 

p-Biphenylcarboxylic Acid,  g 

C\Q . [a -sec -alkylbiphenyl Oi 1 

t. '.one ist cue y 

1669- 1 la 

19. 5 

204 

m u s h v 

4669-20   4669-20a 

1»» 

204 

Hi 

u 

84 

4669-2U 

mushy     mushy 

29 a, a 

19.8 

180 

mush v 

N, N'-B\s(dibenzyl)terephthaldiamide was also synthesized 
fi*om terephthaloyl chloride and dibenzylamine for trial as a gelling agent. 
Its melting point   >f 320eF was  too low for use In bearings at  350eF.     (Other 
metal-free gelling agents are  mentioned In Tables XXXI,  ['age »17 and 
Table XXXIV,  page ?l.) 

MIL G-3278A specification bearings 
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3   3.4   Comparison of Radiation Resistance 

The effect of cobalt-Ho irradiation on consistency of greases containing 
tine new  gelling agents is summarized graphically in Figure   10.    All   the 
e xperirr.'-*ntal greases tested are much more stable than the sodiun. stearate 
g rease shown for >. ompanson.    The  exact quantitative effect of added salts on 
radiation resistance of N-oc tadei ylterephthalama'e greases is uncertain,   because 
thie two base greases,   A (t'xpt.  2490-24A) and B (Expt.   4669-40),   differed in 
radiation resistance. 

3 . 4    Chi  Variation in Greases 

3.4   1    Irradiation of Greases at 350° F 

A series of greases containing various oils was irradiated at 
3 50° F in the MTR Canal Sourc e.    All but one made use of sodium 
M -octadecylterephthalamate as the gelling agent.    Results are in Table XXXI 
In general,   stability was very good for the severe conditions of about  10^  ergs 
rsdiation/g (' and 1*8 days heating ai 350*F.    Grease 2570-48 (CALRESEARCH 159) 
containing the Cj c. j g-sec -alkylbiphenyl o:i,   gave the best 3bO"F bearing life of 
thie group both before and after irradiation     It also had longer bearing life after 
irradiation at 350° F than after  irradiation at room temperature (1 60 vs \20 hours, 
s^e page 56 . ) 

342   Volatility 

As a basts for choosing new oils for greases,  o:ls from the 
8>nthesis work were screened for volatility by evaporation of 1-g samples 
fir 24 hours at 350° F.    Results are shownin Table XXXII. 
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Table XXXII 

Oil Evaporation at 350* F 
1 -g Oil m 2-Inch Diameter   Dish 

After 24 Hours at 350° F 

Oil 
Vis at 

Reference 100°F, ca 
Pcur, 
°F 

Evaporation, 

C14- i6<50/50)sec • Alkyl diphenyl 
ether (bottoms) 4896-9 15. 7 -75 33 

l, 9-Bis(n~butylphenyl)nonane 46^8-25 47. 5 -60 35 

Cu.j g(50/ 50)iec -Alkyl diphenyl 
ether (bottoms) 4658-21 6 7.0 5 18 

Poly-aec-dodeeyl diphenyl ether 
(71-88%) 495^>-2 135 -44 6 

Di-see-tetradetvl diphenvl ether 
(77-89%) 4965-2 130 -18 9 

Dioctyl rn-terphenyl 3470-21B 643 0 10 

Polyoctyl m-terphenyl (bottoms) 3470-22 708 -20 .0 

Tris(carbethoxydecyl)benzene 49C5-25 105 -5 18 

1, f'-Bis(phenoxyphenvl)nonane 4658-27 99.9 -20 13 

Tris(p-phenoxyphenyl)-n- 
dodecylsilane3 MLO56-1066 1807 55 5 

Polyoctyl m-terphenyl 4658-38 657 -38 8 

Poly-sec-dodeeyl diphenyl ether 
(bottoms) 5051-30 179 -50 2 

Tns(carbethoxydecyl) diphenyl ether 5051-38 185 -45 10 

1 , 9-Bis(l ,2.3, 4-tetrahydronaphthyD- 
nonane (bottoms) 4956-37 302 12 2 

Poly(n-nonylphenyl) me thane 5108-27 187 - 1 

Poly- sec -dodecyl diphenyl other 
(bottoms) 5158-36 

1  
242 -18 1 

■   '■■' ■■     

Sample furnished by WADC. 

Cireases were made from the available oils that evaporated less 
than about 10%. 
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3.4.3   Trial of New Synthetic Oils 

Greases made from the most promising oils in the volatility 
test are listed in Table XXXIII.    A mixture of 1   1 molar sodium 
N-octadecylterephthalamate and sodium benzoate was used as the gelling 
agent  in most Of the greases. 

Poly - sec -dodeeyl diphenyl ether in Grease 46b1'-3 2a gave longer 
bearing life at 35<i°F than the polyoctyl m-terphenyl in Grease 4669-32, 
Greases 4669-38 and 4669-38a,   both macTe from a new batch of poly-sec- 
dodecvl diphenyl ether but one with didodeeyl selenide and the other with u 
different antioxidant,  performed equally well on tht- average.    Grease 
4,i*),,-38a had the best individual life run,   537 hours, Grease 4669-39, 
contairing sodium dibenzyldithiocarbamate in plaee of sodium benzoate had 
somewhat shorter hearing life 

Greases 4869-30 and 4669-39a (Table XXXIII) were made from 
tris(phenoxvphenyl)dodecylsilane.    The former lasted about 4(' times as 
long as the alkyl aromatic oil greases in the thin film test for heat 
Stability at 350° F.    However,   its life in bearings was only 240 hours. 
TTi is combination of results indicates that the grease had adequate chemical 
stability for very long life but that its colloidal structure did not provide 
optimum retention,  feed rate,   etc. ,   in the hearing.    Further research on 
gelling agents for this and other silane oils should thus tie rewarding. 

The Navy Gear Wear Test values in Table XXXIII show that the 
silane oil has much better wear preventive power than silicone oils m greases. 
The latter s"i/e in the test prior to 1000 cycles, and no comparable wear 
measure merits are possible.     One new gelling agent was tried in Grease 
4669-39a;   a mixture of terephthaldi-p-ditoluidide and sodium N-octadecyl- 
terephthalamate .    This grease gave the longest individual bearing run at 
350*F (594 nours) of any grease tested in this project.    However,   one very 
short  run of '<2 hours brought the geometric   mean life down to 213 hours 
(395 hours if the 62-hour run is rejected).    The bearing life at  450®F was 
better than that of mineral oil greases,   which last only about 20-40 hours' . 

3. 5   inhibitor Variation in Greases 

Didodeeyl selenide has been a standby as an oxidation inhibitor 
in   greases for use at high temperatures.    However,  some of the inhibitors 
Investigated by Professor Cole at the University of Virginia appeared to be 
interesting alternates.    They and other new inhibitors were tested as shown 
In   Table XXXIV.    A  11  molar mixture of sodium N-octadecylterephtha la mate 
and sodium benzoate was used as the gelling agent in the alkylbiphenyl oil of 
CALRESFARCH 159 grease.    Five per cent of each additive was employed, 

Unpublished Cal Research data. 
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The Inhibitors caused Large variations in bomb oxidation rates. 
All of them showed improvement over the base grease pressure drop of 
70 psi.    Didodecy] Belenide gave the lowest pressure drop,  9. 5 psi. 
Corrosivenesa to * opper also varied widely.    2« Phenylbenzoselenazole. 
2,2' -dipyrldylamine,   and the proprietary inhibitor H were most corrosive. 
Didodecy] selenide, proprietary inhibitor T,  Goodrite 3110X48   and 
N, N' tii - 2 -naphthyl p-phenylenediamine were only slightly or moderately 
corrosive 

Life in the Navy High Speed Bearings at 350° F varied less than 
t he bomb oxidation rates did.     All but one inhibitor (proprietary inhibitor M) 
improved upon the base grease geometric mean life of 155 hours.    Didodecyl 
Belenide gave the best mdividu.il run,   -K4 hours,   and the longest geometric 
mean of three runs,  323 hours.    N. N'   Di-2*naphthyl-p~phenylenediamine 
gave the second best geometric life,   31 1 hours.    However,   the reproducibihty 
of this test  is so p >or that at least two more runs should be made on the greases 
that averaged more than 200 hours to permit a conclusive ranking.    A graphical 
picture of the variability of the bearing test and its poor correlation with the 
bomb oxidation test is in Figure l !, 

Radiation resistance of four   »f 'he greases to the very high 
dose of 11   3 x lo'1' ergs   g C was measured by the penetration change. 
Soft t'tiing varied from  53 points for- the 2 -pnenvlbenzoselenazole grease to 
I 13  points for the Goodrite 3110X48 grease.    Data on the base grease without 
additives are not yet available with which t^i compare the irradiation results. 
Thus no clear cut answer on the perform&nc e of additives after exposure can 
yet  be given. 

3,6   Status,  Conclusions, and Recommendations 

a      A lubricating grease (CALRJ5SEARCH 159) containing 
sodium N-octadecylterephthalamate as the gelling agent,   C,g   ,n-sec- 
alkv lbiphenyl as the oil,   ..nd didodecyl selenide as oxidation innihitor 
has  been developed for use in equipment exposed to radiation.     The good 
work stability makes it useful for both low and high speed equipment.     Its 
useful temperature range is 0-350°FJ  and its dropping point is  5804*8F. 
It retains good consistency and lubricating properties under such extreme 
dosages as  7 x 10*^ ergs   g C gamma radiation at room temperature,   13 x 10 10 

ergs/g C gamma radiation at 350°FJ  and 2 x  10l° slow neutrons *   square cm at 
room temperature.    It is recommended for further field trials in all types of 
equipment exposed to radiation. 

b      The following new gelling agents are promising for greases 
With better radiation resistance than C ALRESEA RCH la!':    sodium  N-octadecyl- 
t erephthalamate-Sodium benzoate mixtures; sodium N-p -tolylterephthalamate . 
and sodium N-octadecylterephthalamate-sodium dibenzyldithiocarbamate 
mixtures.    The dibenzyldithiocarbamate mixtures had the best resistance to 
softening in preliminary radiation tests of any grease studied.     Especially 
recommended for further study are higher ratios of sodium benzoate and 
lower ratios of sodium dibenzyldithiocarbamate to the terephthalamate in their 
mixtures.    Chemical relatives of sodium dibenzyldithiocarbamate should also 
be of interest for study. 

See page 56 for dismission of other components of reactor dosage. 
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c. The most promising new oil for long- range development 
among those studied for use in heat stable and radiation resistant greases 
is t ris(phenoxyphenyl)dodecylsilane.    it and chemically related silanes are 
recommended for intensive study with a wide variety of existing and specially 
synthesized gelling agents. 

d. Among a group of antioxidants tried in greases containing 
sodium N-octadecylterephthalamate mixed with sodium benzoate as the 
gelling agent and the C\ 6-1 8~se" -alkylbiphenyl as oil,   the second most 
effective after didodecyl seier.idc in preliminary 350°F bearing tests was N,N' 
di-2 -naphthyl-p-phenylenediamine.    It is recommended for further evaluation 
as an alternate to didodecyl selenide. 
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4   HYDRAüLIC FLUIDS (R    L.   Peeler) 

4.   1   Introduction 

The objective of this research was the development of a 
radiation resistant fluid capable • f operating at temperatures higher than 
those  possible with current fluids      The target fluid specification was 
sir-nilar to MIL-H-B446      The properties desired were thermal stability. 
low volatility,  adequate lubricity,   high bulk modulus,   good viscosity- 
temperature properties,  hydrolytic stability,   oxidation stability,   low 
CO rrosivity,   low flammability,   and a low rate of gassing during 
irradiation 

Previous work* showed that alkyl aromatics were most 
promising as base materials because of their combination of thermal 
stability and radiation resistance.    Disiloxane base fluids, although 
Inferior in these two properties,  offered the best chance of combining 
- . 5*F operation with medium to hign temperature capabilities.    Studies on 
se .eral additional available base stocks were completed.    Included were a 
napntheiuc white oil and a polyglycol (L'CON DLB  144E).     Work here was 
to   determine the most satisfactory lubricant which could be produced from 
ea<:h base stock by means of additives. 

2 
In earlier work",   selenide additives were found particularly 

effective in reducing radiation damage in base stocks      However,   the selemdes 
cause  serious corrosion of some nonferrous metals      Therefore,   the base 
Stocks of interest were evaluated uninhibited (or neat) and also with didodecyl 
selenide or di-tert-butyl-o-cresol (DBPC) added.    These results are listed in 
Section 4. 2      Additional additives were evaluated,   mostly in C, ^ _ , (.-alkyl 
diphenyl ether,   and results are reported in Section 4. 3.    Finished lubricants 
are reviewed in Section 4.4.   while subsequent sections cover special tests. 

In order to minimize repetition of chemical names in the 
voluminous tables in this   section,   the names of the additives have been coded. 
Trie kev to the code names is shown in Table XXXV. 

Effects of Radiation on Aircraft  Lubricants and Fuels,     (California 
Research 1 356 Summary  Report on Contract AF  33(616)-3184) WADC 
Technical Report 5-.--.4V. (CONFIDENTIAL). 

2 
Effects of Fission Radiation on Lubricants and Lubrication,' 

( Final Report on California Research- NIE PA Contract),   Report  No    NEFA   184 1, 
April  JO,   1 151  (SECRET -  RESTRICTED DATA) 
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TABLE XXXV 

KEY TO ADDITIVE CODE 

PH 1 28 Polybutene 1 28 

C13Se Bli(tridecyl) Selenide 

C'gSe Di-2-ethylhexyl Selenide 

C^Se Didodecyl Selenide 

R/Se Dibenzyl Selenide 

0Se Diphenyl Selenide 

DC Dimethyl Silicone of 60.000 cs 

S-50 Farapol S-50 (isobutylene-styrene copolymer) 

S-60 Farapol S-ßO (isobutylene- styrene copolymer) 

DBPC 2, 6-Di-tert-butyl-4-methylphenol (Di-tert-butyl-para-cresol) 

AN-1 Ethyl AN-1  (2, 6-di-tert-hutylphenol) 

AN-2 Ethyl AN-2 (4, 4'-methylene bis-2, 6-di-tert-butylphenol) 

AN-3 Ethyl AN-3 (2, 6-di-tert-butyl-4-dimethylaminomethylphenol) 

A2240 2, 2'-Methylene bis(4-methyl-6-tert-butylphenol) 

CgSo Di-tert-octyldisulfide 

0So Diphenyl Disulfide 

BzSo Dibenzyl Disulfide 

0S Diphenyl Sulfide 

BzS Dibenzyl Sulfide 

DNPD Di--if-naphthyl-p-phenylenediamine 

PAN Phenyl-OC-naphthylamine 
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4 2   Evaluation Rase ' Jv" K S 

4 C 14-16 i ß-Alk> i Diphenv) Ether 

pre 
Research in I •56'' showed alley! diphenyl ethers to be the 

ferred i ompounds ->f the alkyl aromatic types then synthesized. 
Physical properties were superi »r to those of the corresponding 
a Ik 
Lnfe 
of ( 
fva 
any 
ext< 
fini 
Per 

ylbiphenyis while radiation stability was equivalent or only slightly 
■nor.    Because of these promising properties,  a one-barrel batch 
"; 4 - •, >,-alk\1 diphenyl ether was prepared for more complete 
luation.    Tins base stock had the best combination of properties   d 
investigated this year for hydraulic fluid use.    it was used 

ensively as a reference for evaluating additives and in preparing a 
shed formulation.    These blends are discussed in later sect] >ns. 
•tinent data on the base stock are tabulated in Table XXXVI. 

Toe physical properties of the C14 .ig-alkyl diphenyl ether 
indicate a low temperature limit for the hydraulic- fluid application of 
around oc 1 t  or slightly lower     The high temperature limit can be 
established by the operating requirements of the system in which the 
hydraulic fluid is used   being dependent   in viscosity,  volatility,  oxidative 
and thermal stability.     In practice    the  limit which cannot he changed 
significantly by system design is set by thermal stability     The upper limit, 
on the basis of thermal stability tests to be discussed more fully in 
Section 4   5,   is between 601 BF and  700* F for this fluid. 

Of the remaining properties,  lubricity In Four-Ball Wear 
tests is low for a neat liquid   ,  v hile the Mean Hertz  Load of 13 .shows 
low film strength,    Hydrolytic    tabilit) at 400°F is good,  while oxidation 
and corrosion characteristics are relatively good at 400* F and 500*F for 
an uninhibited base stock.    Viscosity changes,   ranging up to +1*8% at 
2l( °F in the 5011° F test, are high but are relatively good compared to those 
for more conventional lubricants 

The uninhibited base stock showed moderate radiation resistance 
with a   100*F viscositv increase )% after exp >sure to x 1 fi'(' ergs , g C 
Selenide and phenolic inhibit irs reduced this change to 175% and 155%, 
respectively.    Inhibitors did not affect the gas evolution rate detectably. 
Lubru lty of the base stock was not affec ted by irradiation.     The apparent 
increase in Mean Hertz  Load value for the selenide inhibited fluid may be 
due to conversion of the selenide to a more active form.    The volume of 
foam increased moderately with radiation dosage,   but stability remained 
low.    Vapor pressure of the bulk oil,   following evaporation of radiolysis 
gases and    light ends,    is not marKedly increased by Irradiation. 

Effects of Radiation on Aircraft  Lubricants and Fuels,     (California Research 
1956 Summary Report on Contract ÄF 33(616)-3184)WADC Tec hnical Report 
56-646 (CONFIDENTIAL) 

2 
The following are Four-Ball Wear values (mm scar) for neat di(2 - eth vlhexv!) 
sebacate.   a commonly used synthetic:    2 Hours,    !67CK     1   kg load 0   58 

I '    kg load 0   7 4 
40-kg Load l   08 

(K   •!.   Benzing    WADC TR _ 9 283,   .Tub ' 
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Even the uninhibited fluid remained liquid following 4IM
10
 F and 

500® F Oxidation and corrosion tests after the highest  radiation dosage used, 
i   «in       .    r* 1-, - .11.    .»   u «.__!_                , ^     .. . : ,        .     ., 9.2 x 1 ( 10 ergs  g C. Results of these tests wert- somewhat erratic,  but the 

didodecyl selenide blends showed the best stability, both before and after 
irradiation.   The selemde inhibitor showed the characteristic corrosivity to 
copper and silver at 400°F.     As a result,   most tests with selemdes were 
subsequently run with steel and aluminum specimens only.    Irradiated fluids 
containing DBPC were also superior In oxidation stability to the corresponding 
irradiated base stock alone. 

As a result of these tests, the C l 4 -1 t, -alkyl diphenyl ether showed 
real promise for use as a high temperature hydraulic fluid It was, therefore 
used for most of the inhibitor evaluation and formulation work during 1957, 

4. 2. -   Dodecyl and Tetradecyl Diphenyl Ethers 

Both dodecyl and tetradecyl diphenyl ethers received limited 
evaluation prior to the availability of the C] |_ig-alkyl derivative.     The 
results are shown in Tables XXXVII and XXXVIII.     Viscosity at 0* F was 
650 ca  for the dodecyl and 800 cs for the tetradecvl diphenyl ether.    These 
low values are accompanied by a desirable low pour point but are offset by 
high volatility and low viscosities at high temperature. 

On the balance of all properties,   the Ci 4 -1 g -alkyl diphenyl ether 
appeared slightly preferable to the tetradecyl and considerably better than 
the  dodecyl diphenyl ether. 

4. 2. Ci^-ia-yUkylbiphenyl (Distilled) 

Besides the alkyl diphenyl ethers,   the a lkylbiphenyls appeared 
promising.    The Cig-ig«alkylbi phenyl was c hosen, and two products,   a 
whole stock and a 0% to 60% heart cut,  were obtained.    The* latter was 
selected for hydraulic fluid evaluation because of its relatively low 
viscosity and low pour point.     Because the viscosity at 0° F was 2297 cs,   little 
V. I.  improver could be tolerated, and consequently the biphenyl has been 
considered primarily as a potential unthickened fluid.    The upper temperature 
limit of application,   established by thermal stability tests,   was between 
60O*F and 700*F. 

Compared to the ('; 4 - j.,-alkyl diphenyl ether,   the biphenyl 
derivative (see Table XXXIX),   before irradiation,   had slightly poorer 
lubricity and viseosity-temperature properties.    Other properties 
were roughly equivalent.     The biphenyl showed better resistance to 
viscosity change on irradiation than the diphenyl ether.    However,   the biphenyl 
frequently solidified in 500® F oxidation tests following irradiation,   thus 
indicating substantially poorer oxidation stability than for the diphenyl ether. 

As a result of these evaluation tests, the a lkylbiphenyls and 
alkyl aromatics, in general, remained of interest as possible hydraulic 
fluids. The C^g.jg-alkyibiphenyl was of less interest than the diphenyl 
ether because of poorer physic al properties. 
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TABLE XXXVII 

PROPERTIES  OF FLUIDS 
BASED ON DODECYL DIPHENYL ETHER 

Sample Mo. 

Additive 

4658-2 4699-17-1 

- 2%  DBPC 

Radiation Dosage, I010 erge/g C 0 0 

Viscosity, ca. *? 

-40 11,608 • 

0 650 . 

100 18.47 16.52 
210 3.57 3.557 
400 1.00 - 

Pour Point, °F -75 

Flash Point, #F 405 

Spontaneous Ignition Temp., *F 

Oxidation Corrosion 

Temperature, *F 347 400 
Time, hours 72 72 
Weight Change, mg/cma 

Cu -019 -4.54 
Cu-Be - - 

Fe +C.02 +0.12 
Al ♦0.06a 

♦0.02s 
♦ 0.09 

Ag ♦ 0.15 
Viscosity Change, 100°F, % +7 ♦56.8 
Viscosity Change, 210°F, % ♦ 4 ♦26.1 
Neutralization Number 0.25 29.8 
Insolubles, % nil heavy 

Vapor Pressure at 400#F, mm 25 

a Magnesium:     +0.26 mg/cma. 
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TABLE   XXXVIII 

PROPERTIES  OP  FLUIDS   BASED 0» 
TETRADECYL DIPhXNYL ITHIR 

1    Sample No. 

Radiation   Dosage,   10      ergs g c 

WA.1 317-OD 

— — — —— — 

047-1-2 04>2-2 047-3-2 047-4-2 

u t.<,b 0.7* 5.C« 0.1* >,0* 

Vlecoelty,   cs.   *P 

500 

!          210 
wo 

0 
-40 

1.12 
»,135 

22. 2t 
60C 

i>,656 

1.511° 
6.01 

5? Y> 
2,1^6 

t>0,494 

4.28 
2 V? 

4.80 
28.1 

4.10 
22.05 

4.^2 
27. 5' 

Pour Point ,  *r -70 .50 

riash  Pclnt. COC.   *f •♦5 »30 

Spontaneous Ignition Temp.,   'f 820 620 

Bulk Modulus  ;adlebatlc),  pel 

At   0 pel   end   77*F »69,000 286,000 

Oaaslng During   Irradiation,   m. g 1.1 2   * 1.0 5-9 

Densltj at   6P*P : .952 

Acid Number, mg  KCH g nil nil 

Vapor  Preasure   at 
■   löO*F, mü 

500*t, mm H 
1.9 

1*.? 

uxldatlon  Corrosion 

Tina ,   hours 
Temperature,   *f 
weight Change, ag/csi* 

C u 
Cu-Be 

Pe 
Al 

Insolut^ea, % 
Viscosity  Change,   100'F,  « 
Viscosity  Change,   210'F,  * 
Neutralization «umber  Change 

48 
400 

-2.72 
-1.65 

0 

♦c. 06 
trace 

♦ 15-6 
♦ 152 

9.2 

48 
400 

-1.26 
-0.64 
-0.05 
-0.15 
-0.1c 

trace 
♦56.9 
♦ 32.0 

4.9 

Hydro.ytlc   Stability 
iÖO  hours   In  pressure  bomb 
with   &t water  at  400*P 

Viscosity ,  ca 
At no4?, % 
At   lOO'P,   * 

Insoluble«, ( 
-0.4 
0.005 

Mean Hertz   Load   'screening test),   *g ia 12.5 

• 10 ml   irradiated  In 4;c stainless  steel  capsule under helium,  arm Canal Source. 
b 60C »1  Irradiated   In aluminum, container  in air;  WR Canal  Source. 
■ At  »I»'?. 
i 10 «1   lrradlsted  in heated  Ufl atalnleaa steel   capsule at  lOO'F under hellu«,   MT* Canal   Source. 
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4.2.4 Naphthemc White Oil 

Naphthenic white oil was carried along in the work as a reference 
fluid representing petroleum oil refined as highly as practicable.    A secondary 
objective was to determine the extent to which radiation resistance of such 
a material could be improved through the use of inhibitors.    Test results are 
shown in Table XL. 

The white oil was inferior to the alkyl aromatics discussed in 
previous sections in two respects:   (1) poorer viscosity-temperature properties 
and (2) poorer oxidation stability when uninhibited     The addition of inhibitors, 
either selenide or phenolic,   allowed satisfactory 400° F oxidation results,   but all 
blonds solidified in 500*F tests. 

On Irradiation,  the white oil thickened much faster than the alkyl 
aromatic a and evolved gas at approximately five tin.es the rate.    The irradiated 
fluids solidified in 500° F oxidation tests, 400° F results were less discouraging. 

Because of the limited radiation resistance and poor 300° F oxidation 
stability,   naphthenic white oil was not suitable for use as a radiation 
resistant hi^h temperature hydraulic fluid. 

4.2.5 L'CON DLg 144E 

This polypropylene glycol di^ther was also evaluated as a possible 
hydraulic flmd base stock.    Work with inhibitors was confined to didodecyl 
selenide (plus silicone) because polyglycols generally have poor response to 
phenolic inhibitors*.     Results are shown in Table XLI. 

UCON DLB 1 44E had excellent viscosity-temperature properties 
and good lubricity.    In oxidation tests,   it decreased in viscosity because of 
depolyn.erization.    Selenide inhibitors increased both radiation and 
oxidation resistance,  allowing an irradiated fluid to pass a 500° F oxidation 
test without solidification. 

However,  thermal stability proved to be a major problem.    Even 
at 600® F a marked viscosity decrease was noted,   while at 700° F,   10-ml 
volumes of the irradiated fluids developed very high pressures (in excess of 
1 000 psi) so that the stainless steel capsules in which the test was being run 
were ruptured.    As a result of this instability,  the planned high temperature 
work was not completed on the polyglvcol.    Although it had many desirable 
properties,   thermal instability after irradiation eliminates UCON DLB 144E 
from further consideration as a high temperature hydraulic fluid. 

1   R.   G.   Larsenand A.   Bondi,  Ind Eng Chem 42,   2426 (1950). 
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4. 2. 6   Silicones 

Silicons fluids combine excellent viscosity-temperature 
properties with low volatility and good oxidation resistance      They are among 
the organic compounds which are least resistant to radiation*.     Aromatic 
rings impart radiation resistance to silicones as w^ll as to hydrocarbons". 
A series of nine silicones of varying phenyl content was irradiated in the 
ÄTTR Gamma Sojrce to investigate this further.    Results are shown in 
Table XLII 

The Dow Corning 200,   42 0;',  and the three lunde silu ones 
were aliphatic      DC  f03,   550,   710,  and XF-4320 were increasingly 
aromatic.    The experimental XF-4320 fluid remained fluid and showed 

! I) 
low gassing (2   4 ml g) at 9 x If       ergs/g C.    This stability was above 
that  of previously tested silicones.    The large viscosity decrease of 
DC 4209 was reported previously and was probably due to depolymerization 
of a high molecular weight component. 

•4 . 3    Evaluation of Additives 

4. 3. 1    Oxidation Inhibitors 

As the C j 4.. i g -alkyl diphenyi ether was the most promising 
base  stock available,   most evaluations of oxidation inhibitors were 
carried out in it.    Results of a series of 400*F oxidation and corrosion 
tests  with sulfide and selenide inhibitors are shown in Table XLIII and 
with a mine and phenolic inhibitors m Table XLIV. 

Although experience has indicated that results from this teat 
are rather erratic,   the inhibitors most effective in preventing viscosit\ 
change can be placed in the following order of decreasing effectiveness in 
trie alkyl aromatic base oil. 

Morphohne diselerade 

Di -^-naphthyl -p-phenylenediamine 

Ph-nothiazine 

Dioctv! selenide 

Bis(tridecyl) selenide 

Dibenzyl selenide 

Didodecyl selenide 

Phenyl -a -naphthylarnine 

Phenolic inhibitors and aryl seiemdes,   which are relatively ineffective, 
are not listed. 

R.  D    Bolt and J    G    Carroll,     The Radiolysis and Radio! vtu   Oxidation 
of Lubricants, '   Ind L'ng Chern 50,   No.  2,  February 195H 

! . 
Radiation Resistant Lubricants  -  Their Development and Status. 

(California Research-AEC Report No   7) TID 5188, June 10,  [954, p.  7 
( CONFIDENTIAL), 
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T»BLE   XLIV 

FLUIDS  E*3E>  0« Ct4-j.-ALKYL DIPHMYL ETWA 
WITH AMI« AMD PHENOLIC INHIBITORS 

SWDll   HO. 

Additiv« 

»9*C-6- »9 »9*6-6-50 »9*6-6-51 4 

 ! 

9*6-12-1 

1* Phanyl - *- 1» Phsno- 1« Dl- P-nsphthyl- 1« Trl- 
nsprtrylsmlns thlstlns p - phsny lsnad lsalns pnsnylsaln* 

VUcoiK;,   o«,   *F 

210 ♦ .807 ».833 1.826 5-0*9 
1O0 26.« 26.96 *6.87 26.90 

Spontaneous  Ignition MB. ,  *f 8*0 

Oildaticn Corrosion 

Tim»,   hour« 18 »8 »8 «8 
Toapsratur«,  *p »00 *O0 »00 »00 
M*l«ht  Chan««, «c/o«* 

Cu -0.61 ♦o.»e -2.1 -0.58 
Cu-Bs ♦0.16 ► 0.52 -o.-'* -0.26 
A« ♦ 0.19 ►0.9» 

♦ 0.68 
0 •0,06 

Ps ♦ 0.10 "\ -0.06 
Al ♦0.16 ►0.87 0 0 

Inaolublss,   % I. ft 
♦ 29.0 

2.55 5-62 nil 
Viscosity Chungs,  100'P, * ♦ 15.0 ♦ 12.: ♦ 110 
viacoslty Chsncs.  210*P,  * ♦ 15-> ♦ 10.0 -2.6 ♦ »7.8 
M«utrsl list Ion Wuwbsr Chsngs 5.3 7.2 »   «1 12.1 

Ssmpls No. 

Additiv« 

»9*6-2-11 »946-3-12 »9*6-3-1* »9»6-3-15 m 49*6-3-13 »9*6-12-^ 

2   AS-1 2 AN-2 2 DBPC 2 A22»6 2 DBF'-' 2   AN-3 2  DBPC 
♦   1  05e 

Vlicoslty,  am,   *r 

210 ».-26 *-931 »«a*3 ».928 *.737 ».811 ».6B9 
lOO 2b. 09 28.17 26.55 2?. 50 26. »8 tt,xa 25-09 

Spontaneous Icnltloi. Tsap.,   'f «10 820 

Oxidation Corrosion 

Tlmo,   hou.'i »8 »e »a 48 »8 48 
Ts&ipsrstur*»   *P »00 »00 »00 »DC »00 »00 
Mslght   Changs, «sj/o«* 

Cu -».0 -3.5» ♦0. 59 • -1.69 -1,4 -3.39 
-1.9* Cu-Be -1.0 -1.3 -0.2? -:.»9 -C.iO 

M .0.03 -0.2? ♦0.13 -6.06 ♦ 0.90 -C.2? 
FS ♦ 0.26 0 ♦ 0.1* ♦ 0.0? ♦ 0.^7 -o. 7 
Al 0 •0.06 ♦0.06 -0.05 ♦o ,71 ♦0.7 

Inaoluoie»,   * 0.075 l.»7 2.59 nil 5-2 0.17 

Viscosity Chan««,   100*P, * ♦80.2 ♦ 37».0 ♦47.0 ♦ »7.? «■46,8 ♦56.9 
Viscosity Chans*.   210*P, * ♦ »1.7 ♦ 8«.6 .22.2 ♦27.4 ♦ 2?.9 ♦ 32.9 
Nsutrsllsstlon Ntssbsr Changs 3.0 8.5 5.» 8.5 5.5 

WADC TR 56-6*6 Pt II 9* 



No additive   yielded a completely satisfactory oxidation test 
result,  insolibles and neutralization number were generally high. 
Copper and silver alloys were omitted from most of the tests containing 
selenide inhibitors.    It was observed that the insolubles from many   >f 
(he tests with selenide inhibitors had the characteristic reddish color of 
selenium.     To determine the extent to which the inhibitor was producing 
insolubles,  the solids from several oxidation and corrosion tests with 
selenide inhibitors were analyzed for selenium.    Results are in Table XLV 

Table XLV 

Analvsis of Insolubles from Corrosion Tests  • — — 

Inhibitor Inhibitor 
% Selenium 

in Insolubles 

-   0 ,,a 
5   6 3 Bis(tndecyl) Selenide 6 7 

5  26 Didodecyl Selenide 6 8 

2 . 09 Dimorpholine Diselenide 51 

3. 86 Dioctyl Selenide 85 

Sat. * Phenoselenazine 3.2 7 

2. 55 Diphenyl Selenide 1 . 06 

0. 26* Diphenyl Selenide 0, 15 

All blends but those asterisked (*) were made to 
have 1% selenium content,  this resulted in 
different inhibitor concentrations. 

The insolubles thus tended to have a high selenium content 
where the selenium is attached to nitrogen or to an aliphatic carbon atom, 
the  value was much lower if the selenium was part of an aromatic 
heterocyclic system or was connected to a benzene ring.    The former 
were unfortunately the more effective,  and the latter the less effective 
oxidation inhibitors. 

Tables XL1II and XLIV (pages 9 3 and 94) also show the effect 
of selenide inhibitors in increasing the spontaneous ignition temperatures 
of an organic  liquid.    The 800* F value of the base stock was raised to 
lOOO*F by using aikyl or aryl selemdes.     Typical phenolic and .unine 

inhibitors had no such effect. 

A few additional 400* F oxidation and corrosion tests were 
performed in other base stocks as shown in Table XLVI      Here a 
selenide was superior to phenolic   inhibitors in naphthenic white oil, 
as it was in the dipnenyl ether.    Both the C j «„ j g -alkyidiphenylmethane 
.and  distilled C 14-1 r,-aikyl diphenyl ether showed good oxidation stability 
at -(id0 F      Dioenzvl selenide preserved the oxidation stability of a 
polyglycol diether at >47°F following irradiation to 12. 5 x 10* ' ergs/f C. 

WAÜC TR 56-   46 Pt 11 95 
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Although didodecyl selenide is commercially available,  its 
relatively high melting point often causes high pour points in blends 
containing it.    Therefore,  bis(tridecyl) selenide (see Appendix V) was 
extensively used.    A blend of Cj 4„ig-alkyl diphenyl ether with Polybutene  128 
and oxidation inhibitor was one of the more interesting fluids.    Varying 
concentrations of bis(tridecyl) selenide were added and the nomrradiated blends 
tested in the 3*lö*F oxidation and corrosion test.    Results are shown in 
Table XLVII. 

No advantage was gained by increasing selenide concentration above 
0 . ■>%. The apparent anomaly at 2% probably resulted from use of a different 
batch of bisUridecvl) selenide for this blend. Results are considered good in 
view of the severity of the test. 

Several other oxidation inhibitors which had been tested 
previously in the Ci 4. i tj-alkyl diphenyl ether base stock were also tested 
in the ether-polybutene blends.    A comparison was made between 
b is(tridecyl) selenide,   DBPC,   phenothiazine,  di~(3-naphthyl-p-phenylenediamine, 
and a mixture of the latter with diphenvl selenide.    Results are given in 
Table XLVIII. 

The bis(tridecyl) selenide appeared superior to the other 
inhibitors in ability to maintain a fluid condition during high temperature 
oxidation tests.    DBPC was the next most effective single inhibitor while 
DNPD and phenothiazine were much less effective.    The phenothiazine 
samples solidified in all 500° F tests.    Addition of diphenyl selenide with 
DNPD to the blend gave stability comparable to DBPC.    However,   the blends 
are highly corrosive to copper and silver despite the aromatic attachment of the 
selenium. 

The extent to which oxidation inhibitors retain their beneficial 
effect following irradiation may determine their usefulness in radiation 
resistant formulations.    Table XL1X shows the effect of irradiation at two 
dosage levels on oxidation life in a Dornte-type* test at 400° F of four base 
oils with and without inhibitors.    Neither C1 fj - j 8 -alkylbiphenyl,   C\4-\f}- 
alkyl  diphenyl ether,  nor naphthenic white oil had significant oxidation life 
without inhibitors.    With didodecyl selenide or DBPC marked increases in 
stable life were shown.    This increase was retained to varing    degrees 
after   irradiation to  10*" ergsgC.      The C\ ß.\ 8-alkylbiphenyl retained 
most   of its lmrial stability,  Cj 4.1 ß.alkyl diphenyl ether slightly less than 
half,   and the white oil considerably less. 

Even after irradiation to 10 x 10*0 ergsgC,  the inhibited oils 
still had greater stability than did the unirradiated base stock.    The DCON 
DLB   14410,  which contained phenyl-^-naphthylamine as manufactured,  showed 
a   reduction in stability after irradiation tr 10*0 ergs/g C.    With didodecyl 
selenide added,   sensitivity to irradiation was reduced.    TheTe data are highly 
significant.    They show that inhibitors are beneficial to oxidation stability,   both 
before and after exposure to nuclear radiation. 

1 G    H.   Denison and P.   C.   Condi t, Ind Eng Chem 41,  fM4 (1849), 
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4. 3. 2   Viscosity Index Improvers 

Hecau.se   >f the wide temperature range over which an 
hydraulic fluid is intended t:> operate    a flat viscosity-temperature 
curve is desirable,   i.e.     minimum change of viscosity with temperature. 
Although alkyl arornatics have    isc >slty-temperature properties comparable 
to the best petroleum oils,   they are    onsiderably poorer than the best 
Hvn thetics in this respect.    Since the target properties are based on the latter, 
V. I.   improvers mav be necessary in the alkvl arornatics to obtain an 
adequate range of operating temperatures      Previous data1 showed that 
Polybutene 128,   a low molecular weight polvisobutylene,   possessed better 
radiation stability than other V   I.   improvers tested. 

In  1M57 several additional commercially available V.l. improvers 
were investigated, e. g. ,   polybutenes SUch as Viitanex LM-MH and LM-MS 
and Para tone N and the    Parapols'   (styrene-isobutylene copolvmers). 
(The A PA MS and APEMS discussed in Section 2,   page 39,   w*»re developed 
late in the contract year.    They were not available in time for formulation 
and testing of hydraulic fluids. )   Relative shear stability tests were performed 
by the ^onic oscillator method (see Appendix I) on inhibited alkyl diphenyl 
ether-polymer blends having the same initial viscosities at 210° F.    Results 
are shown in Figure 12.    The low molecular weight Polybutene 128 was the 
nost stable polymer in this test.    The high molecular weight Parapols,   which 

were not or ginally intended for V. I.   improver use,   were severely degraded. 

Several similar blends were evaluated b.'fore and after irradiation. 
Results are shown in Table L.     The higher molecular weight polybutenes, 
Vistanex and Paratone N,   produced blends with better viscosity-temperature 
properties than Polybutene 128.    However,   blends with the latter retained much 
more of their initial viscosity as shown in Figure  13.    The Parapols were about 
as radiation stable as were the higher molecular weight polybutenes.    The 
comparative stability of the Parapols to radiation was much better than their 
resistance to she;«r.    The presence of arornatics in these doubtlessly enhanced 
radiation stability     Within the reproducibility of the test,   the type of V. I. 
improver used,  whether polybutene or  Parapol,   did not appear to affect the 
40O*F oxidation stability following irradiation as shown in Table L. 

4. 3. 3   Radiation Damage Inhibitors 

Effects of inhibitors on radiation stability were investigated in 
at least two base stocks,   Cj .j. i ^ -alkyl diphenyl ether and an aliphatic 
material,   e.g.,   naphthenic white oil,   10-C insulating oil,   or hexa(2-ethylbutoxy) 
disiloxane.    Results for selenide inhibitors are shown in Table LI and for sulfur, 
phenolic, and amine inhibitors in Table LII. 

Effects of Radiation on Aircraft Lubricants and Fuels,     (California 
Research 1956 Summary Report on Contract AF 33(61 6)-31 84) 
WADC Technical Report 56-646. 
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The seiende blends were prepared to contain either  1% or 
0.  1%  selenium.    Dibenzyl selenide and diphenyl selenide were slightly more 
effective than the dialkvl selemdes in reducing viscosity change on irradiation. 
In addition,   they appeared to reduce gas evolution slightly m the diphenyl 
ether and in  10-C insulating oil.    None of the sulfur,   phenolic,   or amine 
inhibitors had a demonstrable* significant effect on gas evolution rate.    Sulfid« 
inhibitors as a class appeared to mitigate viscosity change with results 
comparable to selenide inhibitors. 

Several irradiations were carried out at 400° F to compare with 
the usual ambient temperature (about 60° F) exposures.    Results are shown 
in  Table  LIU.    Surprisingly,  both viscosity change and gas evolution were 
lower for the 400° F than for the lower temperature condition.    While this 
result may be considered tentative until confirmed by further work,   the 
failure of 400°F temperature to accelerate radiolysis is encouraging. 

Irradiations were also carried out with unsaturated or ketonic 
aromatic compounds as additives.    This was to determine if radiolytie gassing 
could be cut down by providing easily  reduced materials to take up evolved 
hydrogen.    The data of Tab'e LIV fail to show a significant lowering of gas 
evolution rate by this method. 

Table LV contains results of a series of high dosage irradiations 
of d x* ecvl diphenyl ether - inhibitor blends in comparison with other alkyl 
aromaties and conventional base stocks.    None of the conventional materials 
remained liquid after irradiations above to x  10* ' ergsg C,   although data 
were  sufficiently scattered that the exact solidification dosages could not be 
established.    At the highest dosage,   69 x 1 < > ^ rj ergs, g C,   some alkyl 
aromahcs were still liquid,   including oetylhipheriyl and di -p- tolylis odeeane 
Dodecyl diphenyl ether blends containing dibenzyl selenide,   dibenzyl sulfide, 
diphenyl selenide,  diphenvl sulfide, and phenoselenazine were still fluid at 

in dosages greater than 40 x  10iU ergs   g C. 

Silicate base fluids (3200 and 8515) arc being widely uged in the 
-Gb°¥ to 400° F temperature range (Specification  MIL-H-8446A).    The limited 
radiation resistance of these materials is typical of aliphatic materials.    The 
effect of adding aromatic compounds to 8200 fluid was investigated,  and 
results are reported in Ts ble LVI.    As is normal for viscosity index - improved 
fluids,  viscosity at first decreased on irradiation (due to .scission of the 
polymer) and then increased.    The   presence of considerable volatile material 
in   many cases prevented viscosity measurement at 21QeF. 

The addition of diphenyl ether,   (.'] <■;. .i 3 -alkylhiphenyl.   dibutyl 
phthalate,  or tetradeeyl  diphenyl ether to 8200 fluid reduced both the 
viscosity change and the rate of gas evolution on irradiation.     This  latter 
effect is shown in Figure 14.    The data are very scattered but indicate that 
increasing aromatic content resulted in decreasing gas evolution during 
irradiation.     This plot also snows that gas evolution   per unit dosage is not 
independent of total dosage but decreases at the higher levels.     The effect of 
added aromaties is further illustrated in Figure \b.    The DC 710 fluid „also 
Kenflex L. (naphthalene -formaldehyde polymer)] reduced gas evolution While 
ha .inn an adverse effect on Via« osity Stability (see Table   LVI). 
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The blend containing 2,i% diphenyl ether had the highest 
percentage of aromatic carbon atoms and,  consequently,   showed the 
least radiation damage.    Several additional stability tests were performed 
on this fluid before and after irradiation.    Results are shown in Table LVII 
The irradiated blend was more stable in the 400° F oxidation test than was 
the 820O fluid itself after irradiation.    No improvement in hydrolytic 
stability of the blend over 8200 fluid was evident after irradiation. 

4   4    Evaluation of Formulations 

84. 0 

14. 0 

2 0 

4.4.1    CALRESEARCH 216 

A formulation based on Ci A_ I g-alkyl diphenyl ether was the 
most promising radiation-resistant hign temperature hydraulic fluid 
developed.    It was designated CALRESEARCH 216 and had the following 
composition: 

Cj 4_16 -Alkyl diphenyl ether,  wt % 

Polybutene 128 

Bis(tridecyl) selenide 

ion. o 

1% solution of 60,000 cs dimethyl silicone 
in kerosene,   wt % added 0. 1 

Properties of this fluid before and after irradiation were 
summarized in Table II,  page vit    All available data on CALRESEARCH 216 
are shown in Table LYTII.    A viscosity of 2. 5 cs at 400* F,  as required by 
Specification MIL-H-84 46A,  resulted in a viscosity near 5000 cs at 0° F 
for the fluid.    Volatility was low with a vapor pressure at 500° F of less than 
13 mm Hg     Spontaneous igmtion temperature was around 1000°F,  due in 
part to the selenide inhibitor.    Oxidation stability appeared relatively good 
at both 400° F and 500° F.    Copper and silver alloys were omitted from the 
test because of the known activity of seienides.    The apparent high corrosion 
to steel shown in two of the earliest 500° F runs performed was not confirmed 
by subsequent tests (see Table XLVII). 

Hydrolytic stability tests were run for 100 hours at 400° F with 
6% water in a nickel (^4%) Pair 22-ml flame ignition peroxide bomb. 
The base stock alone was unaffected by this test.    CALRESEARCH 216 had a 
small viscosity decrease and left a greenish deposit in the range of several 
tenths per cent by weight on the wall3 of the bomb     Apparently in the 
presence of water,   some corrosion by the selenide had occurred.    Lubricity,  as 
measured by the Four-Ball Wear test,   was good,  particularly at high loads. 
The Mean Hertz Load resuits showed ' average'   film strenpfh 
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Thermal stability,  as measured in capsule-type tests,   will be 
discussed in the next section.    Vapor pressure measurements by the 
isoteniscope method were made on bo»h CALRESEARCH 216 and the 
C i4_ i^-alk vl diphenyl ether base stock.    Results are shown in Figure  16 
At low temperatures    the  vapur pressure of CALRESEARCH 216 was 
probably higner than that of the base stock because of the presence of a 
small amount of low boiling material in the additives.    At high pressures,   the 
deviation was presumably due to thermal decomposition of the additives,   which 
apparently occurred around 500° F. 

On irradiation,   the first detectable effect on CALRESEARCH 216 
was a viscosity loss as a result of a partial depolymerization of the V. I. 
improver.    The viscosity as a function of dosage is plotted in Figure 1 7. 
For irradiations carried out at 80° F under an inert atmosphere,  the 
viscosity at 210°F dropped from 12 es to about 9,0 CS and then rose,   reaching 
only  14 cs at a dosage beyond 10 x  101    ergs/g C.    In 400° Y irradiations,  the 
viscosity fell much faster and further,   one point below 6 cs being reached. 
Thus  effect was probably due to the thermal instability of the polybutene 
additive. 

Spontaneous ignition temperature was not adversely affected 
by irradiation.    The flash  point gradually fell due to the accumulation   >f 
volatile products.    Vapor pressure increased for a similar reason.    The 
volume of foam gradually increased,   but its stability remained low.    Cias 
evolution, at the higher dosages,   was at the rate of 1 to 2 ml gas/rnl fluid/ 
IQIO ergs/g C.    Acid number depended in considerable part upon the degree 
of exposure to air during the irradiation.    The smaller samples tended to have 
larger acid numbers. 

Oxidation stability gradually decreased as dosage increased,   but 
no solidification occurred at the highest dosages,   even in the 500° F test. 
This  result was surprisingly good.    As 1020 steel is unlikely to be encountered 
in   high temperature hydraulic systems,   500° F oxidation tests were run with 
more  likely structural materials before and after irradiation of the fluid. 
Results are shown in Table LK      Both 304 stainless and M-10 tool steel were 
unaffected, while 410 stainless, 4140 steel, and titanium were affected to 
some  extent. 

Hydrolytic stability, as measured by viscosity change,   gradually 
decreased with dosage (see Table LVI1I).    The formation of insolubles remained 
unchanged.    At the highest dosages,  wear decreased,  although no enhancement 
of  end point properties was detected.    Results of successful pump tests are 
described in   a later section. 

CALRESEARCH 216 was the first complete hydraulic fluid to 
come from this contract.    It had good radiation resistance,   oxidation 
stability,   volatility,   lubricity,   and spontaneous ignition characteristic s. 
Thermal stability o<* the fluid was better than with most currently used fluids 
but was inferior to the dipher.yl ether base stock.     As a first attempt,   the 
properties are encouraging,   hut this fluid is by no means considered to be 
the ultimate available from alkvl aromatics. 
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!. 4 ;%   n-Nonyl Diphenyi Ether 

This new compound was   >f brief interest as a base sto< k f >r 
thickened hydraulic Quids.    With 18% Polybutene 128,  2% bis(tridecyl) 
selenide, arid 0.001% dimethyl siiicone,  the properties listed in Table DC 
were obtained     On storage at -2( JF   the base sto( k crystallized In  >ne 
day.    The blend,  although stable for  >ne   nonth at this temperature, als i 
crystallized in  >ne day if seeded with fr »zen base sto< k.    As the main 
advantage desired from this blend was I otter low temperature properties 
than CALRESEARCH -l   .  its high solidification temperafcire excluded it 
frorr further <  »nsideration 

4, I  3   Oronite B200 Fluid 

Because   >f the widespread use :>f siiii ute  base hydrauli< 
fluids,  an evaluation was made of the ability of Oronite B200 fluid to 
withstand nuclear radiation     Results are shown In Table L\l m comparison 
with some  jf the properties   >f its base stock,  hexa(2-ethylbutoxy)disil ixane. 

Oronite B200 fluid is intended for ■ ontinuous operation over the 
temperature range from -6D*E to 400°F,  with shorter Life at higher 
temperatures.    It is characterized by excellent viscosity-temperature 
properties and low temperature fluidity.    On irrtidiati >n.   the viscositv first 
decreased,   reaching a minimum near it'1    ergs g C and then increased 
r*ather rapidly at higher dosages.    Volatile pr »dints were formed,  but flash 
point and vapor pressure remained relatively unchanged below lOlO errs, g (' 

In oxidation and corrosi »n tests at  400*F or   ><i||0i-p   the original 
fluid typically lost,   rather than gained,  viscosity.    Irradiation increased the 
viscosity   loss and at tin- higher dosages caused some copper corrosion. 
Hydrolytic stability is   >ne of the borderline properties of silicate fluids and 
one  that was adversely affected by irradiation as shown In Table  LXI.      Thus, 
it is necessary to exclude liquid water from all high temperature hydraulic 
systems, and especially so for those containing silicate fluids exposed to 
nuclear radiation     Lubricity of 8200 fluid was improved by a large radiation 
dosage (greater than 5 x inl" ergs  g C); the effect on this property at intermediate 
dosages was not determined     Increasing the temperature of irradiation to 
#00* F appeared to increase the gas  evolution rate but flifl  not produce air. 
other detectable effect 

Several   »trier (   imn era iall\  available silicate base hydraulh 
fluids were briefly evaluated t:> determine whether their resistance to 
irradiation differed markedly fron, that of 8200 fluid.    These data are 
presented in Table  LXI1.     The usable  limit  for  853  ) fluid,   like 8200 fluid, 
appeared to he about  II '     ergs   L" C 

4..')   Evaluation of Thermal Stability 

Most thermal stability measurements were made by the same 
technique used for irradia11ons     "lhe liquid was introduced under s helium 
at:;, isphere  into a  4b   stainless   steel capsule,   wr.n h was  then we lied sh it 
After ex; »sure in a muffle furna« i  for the required time and ten perature, 
the capsules were   ipened,  gas *". »Wed was measured,  and vis< osity 
determinations made   in the fluid     Results are sh iwn in Table XI.Ill 
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The two base stocks of greatest interest,   C^.jg-alkyl diphenyl 
ether and Cjg.jg-alkylbipheiiyi,  showed good stability in 20-hour tests at 
600° Fand 0-hour tests at  700° F.    In 20-hour tests,  decomposition was 
moderate at 650*F and usually heavy at 700° F.    Irradiation reduced 
stability, significant decomposition occurred at 600*F on irradiated stocks. 

Of the other base stocks tested,  naphthenic white oil also was 
satisfactory at 800" F and moderately decomposed at 650*F.    UCON DLR 144E, 
diisooctyl azelate,  and diisooctyl terephthalate were unstable at 600° F.    The 
polyglycol,  in particular,  developed very high pressures in the test at 700° F 
after irradiation, causing rupture of the steel capsules. 

CALRESEARCH 216 was stable in 400°F thermal stability tests. 
At 500* F (20  hours in glass), a moderate viscosity decrease occurred, 
accompanied by a reddish precipitate on cooling to room temperature.    This 
precipitate was probably metallic selenium from decomposition of the 
selenide inhibitor.    At higher temperatures in 410 stainless steel capsules, 
larger viscosity decreases occurred,   accompanied by the formation of a 
black coating on the inside et the vessel.    The fluids remained clear,  indicating 
that the selenium had reacted with the steel.    In these thermal stability tests, 
the major effect of irradiating CALRESEARCH 216 appeared to be an increase 
in the gas evolution rate. 

All blends containing V.l.   improvers showed substantial 
decomposition,  even in 600° F thermal stability tests.    Polybutene 128 lost 
less of its thickening power in 600* F tests than any of the other 
hydrocarbon V.l.  improvers being considered for use in the alkyl aromatics. 
The effect of inhibitors is not clearly defined by the available data.    However, 
no blends satisfactory for 20 hours at 700° F were found.    Irradiation of blends 
decreased stability as in the case of the base stocks. 

4. 6   Hydraulic Pump Tests 

Durinp 1 Q57,  four hydraulic pump tests were run using New York 
Air Brake 66WA3Ö0 pumps.    Each pump was operated 150 hours at 160°F, 
followed by 100 hours at 275° F.    As these were standard production pumps, 
operation at higher temperatures was not attempted. 

Initially,  tests were run to determine the operability and lubricity 
of a selenide-inhibited alkyl aromatic blend.    Fluid O-1 AMdeveloped earlier 
on AEC Contract AT(11-1 )-l 74) was tested both before and after irradiation 
to 4. 4 x 10*° ergs/g C.    The composition of Fluid O-IA was as follows: 

Radiation Resistant Lubricants  - Their Development and Status, 
(California Research-AEC Report No.   7) TID 5186.  June 30,   1 r+54 
(CONFIDENTIAL). 
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Mixed Alkylbenzenes (MW -2 50) 

Dow  Resin V-9 

Polybutene 1 28 

Didodecyl Selemde 

Quimzarin 

100. 00 

Tin- fluid was not intended for high temperature use,  as it had a viscosity 
at   :>10°K of 3. 4t; eg and a flash point of 260° F1 

Results of pump tests on Fluid O-IA are given in Table LXIV 
and Figures 18 and 19.     The pump operated satisfactorily on both the new 
and irradiated fluids.    Wear of the bronze creep plate bearing was 
considerably higher with the irradiated oil.    In the 2 75° F portion of the 
run,  wear on the pistons,   which had a bronze bearing surface,   was also 
somewhat Increased.    Considerable darkening of nonload carrying surfaces 
of the bronze parts occurred during operation on the irradiated oil. 
Corrosion of silver ;jnd copper specimens immersed in the reservoir was also 
observed with   irradiated O-lA at 275° F.     None of the detectable changes 
affected the satisfactory operation of the pumps. 

Results of tests on CALRESEARCH 216 are also shown in 
Table  LXIV and in Figures 20 and 21.    Again,   the pumps operated 
satisfactorily on both original and irradiated fluids.    However,   in this case 
irradiation did not increase wear of bronze parts.    After the 275°F run on 
the irradiated oil,  pronounced blackening of the bronze surface was evident. 

Viscosity changes of the fluids are shown in Figure 22.    Both 
Fluid O-IA and CALRESEARCH 2 16 were VI.  improved with Polybutene 128. 
The pressure reduction in the pump test system occurred by loading on a 
fixed oi ifice followed by a Vickers pressure relief valve.    This resulted in 
severe shearing conditions.    The maximum viscosity change noted in any 
of the tests was well under 10%, indicating good shear stability for the 
fluids.    The irradiated oils increased slightly in viscosity,   during the pump 
tests,   presumably due to loss of volatile radiolysis products. 

These four tests establish the operabihty of alkylbenzene and 
aikyl diphenyl ether fluids containing selenide inhibitors in a currently 
available hydraulic pump.    The successful results make further tests in 
lu^h temperature pumps highly desirable. 

Effects of Radiation on Aircraft Lubricants and Fuels, " (California 
Research 1956 Summary Report on Contract AF 33(816)-31S4) 
WADC Technical Report 56-<<4h,   p.   95. 
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FIG-    18  -   PUMP  PARTS  AFTER  TFST NY-9 

FLUID O-IA       PRESSURE  3000  PSI       SPEED 3U50  RPM 
150  HOURS  AT   I SOT  AND   100  HOURS AT 275°F 
NEW YORK A!R BRAKE MODEL 66WA300 PUMP 

WA.DC  TR   S6-640   Pt   II 13* 



FIG. 19   PUMP PARTS AFTER TEST NY-10 

FLUID 0-1A   IRRADIATED  TO H.H X   I010   ERGS/g.   ' 
PRESSURE  3000  PSI       SPEED  34W)  RPM 

150   HOURS  AT   I60°F   AND   100  HOURS AT 275°F 
NEW YORK   AIR   BRAKE  MODEL  66*A300  PUMP 
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FIG. 20 - PUMP PARTS AFTER TEST NY-I I 

FLU 10 CALRESEARCH 2)6  PRESSt'RE 3000 PS I   SPEED 3U50 RPM 

150 HOURS AT i60cF AND 100 HOURS AT 27S°F 
NEW YORK AIR BRAKE MODEL 66WA300 PUMP 
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FIG.   2!        PUMP   PARTS  AFTER   TEST  NY-12 

FLUID CALRESEARCH  216   IRRADIATED TO ».*  X   lO10   ERGS/q.   C 

PRESSURE   3000  PS I       SPEED  i*&0  RPM 
150   HOURS  AT   I6C°E  AND   100   HOURS  AT  276*f 

NEW YORK   AIR   BRAtrf  MODEL  66WA300 PUMP 
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NEM YORK AIR  BRAKE MODEL 66*A 300 
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4. 7   Bulk Modulus 

4. 7. 1   Isothermal Bulk Modulus of Hydraulic 
Fluids in the Presence of Hydrogen 

The presence of gas,   either dissolved or as a second phase, 
can have an adverse effect on the performance of hydraulic systems 
The natural frequency and the region of stable operation of the system 
are dependent on the hulk modulus of the hydraulic fluid.    As gas 
evolution is one of the characteristic results of exposure to nuclear 
radiation and this gas is mostly hydrogen*,   P-V-T measurements were 
made on mixtures of hydrogen with hydraulic fluids.    The three fluids 
used,  MIL-0-5G0fi   (now MIL-H-5806A) fluid, Oronite High Temperature 
Hydraulic Fluid 8200,   and Cj4-i5-alkyl diphenyl ether,  were 
representative of petroleum,   silicate ester,  and alkyl aromatic fluids, 
respectively. 

As a result of this work,  a paper'1 was prepared and presented 
at the Second WS-12f)A Radiation Effects Symposium.    It is attached as 
Appendix X.    Conclusions reached are summarized as fellows: 

a       A gaseous phase causes a very large reduction in bulk 
modulus even at pressures only slightly below the 
saturation pressure. 

b. Dissolved gas decreases bulk modulus as the quantity of 
gas increases,  but the effect is small compared to that 
caused by the presence of a gas    phase. 

c. The degassed fluids listed in decreasing order of their 
isothermal bulk moduli are Cj*   . fi-alkyl diphenyl ether, 
MIL-0-5606 fluid,  and 8200 fluid. 

iu d. The order of decreasing solvency for hydrogen is 82( 
fluid, MIL-0-5606 fluid, C\ 4-16-alkyl diphenyl ether. 

e. Considering gas evolution rate and solubility for hydrogen, 
the order of decreasing allowable radiation dosage before 
reaching the two-phase region is Cj4_ j^-alkyl diphenyl 
ether,   8200 fluid,   MJL-0-5606 fluid. 

f. The fluid in an operating hydraulic system should be kept, 
in the single-phase region by an appropriate choice of 
hydraulic fluid species,   radiation dosage,  return pressure, 
temperature,  and by venting evolved gases. 

Effects of Radiation on Aircraft Lubricants and Fuels,     (California 
Research 1958 Summary Report on Contract AF 33(61 6)-31 84) 
WADC Technical Report 56-646,  p.   106. 

2 R.   L.   Peeler    and H.  S.   Yaplee,     Isothermal Bulk Modulus of 
Hydraulic Fluid-Hydrogen Mixtures,     Proceedings,  Semiannual 125A 
Radiation Effects,   Vol II,  Section  10.   Battelle Memorial Institute, 
Columbus,  Ohio, October 2 3,   19 57 
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Because of the importance of the two-phase region in limiting 
hydraulic system performance, a comparison of measured and calculated 
bulk  modulus was desirable.     Measured data were taken from Appendix X, 
calculations were made from the formula developed in Appendix XI. 
The comparisons are made in Figure 23.     Except for the 24. 4 gas. liquid 
ratio above 3000 psi,   agreement appears satisfactory.     Therefore,   given 
the (Milk modulus of a liquid,   the solubility of hydrogen in it,  and the 
hydrogen:liquid ratio,   the bulk modulus of a two-phase mixture (at 
equilibrium) can be < aiculated as a function of pressure from the data in 
Appendixes X and XI,   with an accuracy adequate for engineering purposes. 

4. 7.2    Adiabatic Hulk Modulus 

The adiabatic bulh modulus of several types of hydraulic 
fluids was determined by the ultrasonic velocity method \  both before 
and after irradiation of the fluids.    Results are shown in Table LXV. 
The  well know . effect of a roma ticlty in increasing bulk  modulus is 
evident"      Within experimental error,   irradiation did not affect bulk 
modulus 

4.8   Results of Cooperative  Tests 

Oronite High Temperature Hydraulic Fluid 8200 was chosen 
h\ Vickers,   Inc. .   as the fluid component of an operating hydraulic 
system for Irradiation in the Nuclear Aircraft Research Facility (NARF), at 
Convair,   Fort Worth      Results of tests on fluids removed periodically from the 
system during the Systems Panel Irradiation Test No.  2 (SPIT No.   2) 
are uhown in Table LXVI. 

Because the system was operated before inserting into the 
react >r.   the viscosity of the fluid was reduced by shear breakdown prior 
to Irradiation.     At the relatively low radiation do.^e rate encountered, 
the point of marked viscOS ity increase due to radiation damage was not 
reached.    The viscosity of the fluid appeared to be leveling off at 
around B. 5 CS at 210*F.     No reduction in flash point was found,   as 
measured by tho relatively insensitive micr©apparatus. 

Oxidation stability at 400*F was not markedly affected by 
the amount of irradiation received in this test.    Hydrolytic stability, 
although a sensitive property of .-ulicate base fluids,   was affected only 
slightly through 300 hours of operation.     Both the 4oo- and 500-hour 
samples,   however,   showed heavy deposition of insolubles. 

H.    L,    Peeler ami J.   Green,      Measurement  of Bulk Modulus of Hydraulic 
Fluids," to be presented at ASTM Meeting.   Houston.   February 1958, 

2 
L.   Bergmann,    'Ultrasonics,     John Wiley and Sons.   New York,1933. 
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The hydraulic  system was reported to have operated 
satisfactorily throughout the entire test'      Likewise,   Dr.   R    N.   Miller^ 
of  l.o< kheed Aircraft Company reported satisfactory operation of a 
hydraulic  system  using 8200 fluid in a gamma  radiation environment. 
These  results,   in conjunction with earlier' data,   show that S2<<; fluid can 
be   used successfully in hydraulic systems exposed to moderate radiation 
dosages. 

4. 9  Coneiusions 

The conclusions   reached in the hydraulic fluid work covered     * 
In this  section are summarized as follows. 

a.      Alky] aromatics and dipheny] ethers hive many nf the properties 
required for radiation resistant hydraulic fluids.   The two materials of 
greatest promise from this work are Ci4_ig-alky] dipheny] ether and the 
C] fi-l 8 -alkylbiphenyl (distilled).     The presence of the long alkvl tjroup 
imparts good liquid range and viscosity - temperature properties,   while 
the  aromatic portion gives good radiation resistance,     The usable range of 
these materials is from temperatures below 0*F to the upper thermal 
stability limit,  winch Lies between 600*F and 7008F. 

I».     The Ci4-I6"alkyl diphenyl ether is preferred to the Cj6-18" 
alkylbiphenyl because of its better viscosity-temperature properties and 
good oxidation stability at 50O9F.    The pour' po'.r.t of the dipheny] ether, 
though higher than tnat of the distilled biphenyl,   can be dropped by 
increasing the ratio of tetradecyl to hexadecyl groups. 

c.      Inhibitors,   particularly organic selenides,   improve the oxidation 
stability oi  both the alkvl aromatics and conventional base stocks hefore 
irradiation.    After irradiation,  inhibitors reduce damage as measured by 
viscosity change and oxidation stability at 400*F and 500°F.    The effect 
decreases as the aromatieity of the base stock increases.    However,  inhibitors 
sire  still markedly beneficial in the alkvl aromatics selected for use in 
hivdraulic systems. 

d.      A finished hydraulic fluid,  CALRESEARCH 216,   was prepared from 
the C'14 -16 -alkvl diphenyl ether.   Polybotene  128,   bis(tridecyl) selenide,  and 
dimethyl silicone,    It has excellent radiation stability,  withstanding a 
dosage of 10 x 10iU ergs   g C with only a slight viscosity increase.    Oxidation 
.stability gradually decreases upon irradiation, but even at the highest 
dosages,  the fluid remains liquid after the 500° F oxidation and corrosion tests. 

"Fourth Information Brochure for Systems Panels Test No.  2, " p.   100, 
Convair,   Fort Worth. 

I\.    N.    Miller.     The Effect of Radiation Upon the lies,   >nse Characteristics 
of a Flight Control System,     Second WS-125.A Symposium on Radiation 
Effects,  Columbus, Ohio, October 22,   195?. 

N.   W.   Furby,   "Operation of Hydraulic  Pumps on Irradiated Fluids,     First 
12OA Radiation Effects Symposium,   22-23 Mav 1957,  AffP Document No. 
NA RF-57- 197 ,  FZK-9-118,   VoJ  1. 
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The use of selenide inhibitor makes CALRESEARCH 216 
corrosive to metals at high temperatures.    Neither the inhibitor nor 
the V.l.   improver   is   as thermally stable as the dipheny! ether  base 
stuck.    Thus,   the resulting blend has reduced stability.    Raising the 
temperature of irradiation to 400*F causes a greater viscosity change 
in the blended fluid but not in the base stock. 

e. The allowable radiation dosage for- 8200 fluid is about Ii1" 
erjjs, g C.    The addition of aromatic additives to 8200 fluid markedly 
increases radiation stability      The aromatics tested have an adverse effect 
on the physical properties ot the blend 

f. Naphthemc white oil,   even with inhibitors,   is unattractive 
as a possible hydraulic fluid base stock from the standpoint of viscosity 
temperature properties,   5O0B F oxidation stability,  and radiation stability 

g. ICON DLB 144E has good radiation stability for an aliphatu 
material.    In high temperature oxidation tests,   solidification does not 
occur.    However,  thermal stability,  particularly after irradiation,   is 
unacceptable tor a high temperature hydraulic fluid. 

h. Bulk modulus of hydraulic fluid-hydrogen mixtures decreases 
radically when any gas phase is present. This emphasizes the necessity 
of maintaining a single-phase system in an operating hydraulic  system. 

4. 10   Recommendations 

In future work emphasis should be continued on alkyl aromatics 
and diphenyl ethers as offering the liest hope of combining the physical 
properties and stability required of a high temperature radiation resistant 
hydraulic fluid.    For extreme high temperature use,  unthickened base stocks 
and inhibitors more stable than the dialkyl selenides should be considered. 
For lower temperature use,   lower viscosity base stocks,   e. g. ,   alkylbenzenes, 
combined with V   I.   improvers and inhibitors offer the optimum combination of 
properties. 

Although the dialkyl selenides are effective oxidation and 
radiation damage inhibitors,   their corrosivity and thermal instability at 
hi tdi temperatures make their replacement by more stable additives 
desirable.    Study of suitable substitutes,  including possible combinations 
of  low temperature and high temperature inhibitors,   should be carried out. 
Likewise,   the thermal and radiation instability of Folybutene  128 is one of 
the  major limitations of CALRESEARCH 216.    More stable additives,   e. g. , 
APvAMS (page 40).   should be evaluated.    The effect of high temperatures 
during irradiation in accelerating damage should be investigated further, 
looth with base stocks and polymers.     Likewise,   the study   >f the effect of 
irradiation on thermal stability should be continued. 

1 
Work now in progress on Contract No.  At  33C616J-3476 has developed 
several aromatic materials which may have a less severe effe< I on 
properties of the blend, 
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Several blends of aromatic materials with 8200 fluid should 
be evaluated further to determine the improvement in allowable 
radiation dosage that can be obtained.    This appears to be the only 
approach likely to give a -658F radiation resistant hydraulic (bii4. 

No further work on naphthenic white oil,   UCON DLB 144E, 
or uther aliphatic materials is desirable. 
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5   ENGINE OILS   (M.   A Pino) 

5   l   Introduction 

The objective of this research was to develop a high temperature 
lubricant for use in gas turbine engines in a nuclear environment      'Ilie 
pattern specification was M1L-L-923G which represented the most advanced 
nonnuclear requirement for this use.    During 1957 the development progressed 
along several lines.    The evaluation of various base stocks with and without 
inhibitors both before and after irradiation comprised a substantial portion 
of the program.    Formulation to achieve desired properties was carried out 
after a suitable base stock was selected.    Some effort was devoted to 
sc reening additives for application in the formulation studies.    The 
development and evaluation of appropriate test methods progressed hand in 
hand with this engine oil research. 

5. 2   Viscosity Changes of Various Irradiated 
Base Stocks and Effect of Inhibitors 

Change in viscosity is a good over-all index of radiation damage 
although changes in properties other than vise osity, m some cases, may be of 
greater functional importance.    Figure 24 shows the effects of Lrradiatio ) fr> 
8. 7 x  lo1     ergs- g C on the viscosity at 100° F of various inhibited and 
uninhibited base stocks.    To insure a valid comparison of viscosities,   all 
data of Figure 24 were obtained on 600-ml samples which were irradiated 
in  identical,   square containers vented to the air at the MTK (see page 41. 
In a few cases where data at 8. 7 x  l()1(l ergs   g C were not available,   the 
viscosities were obtained by extrapolation of data at lower dosages. 

The inhibited samples of Ci g_i g-alkylbiphenyl (distilled) underwent 
the  least change in viscosity.    The selenide was superior to DBPC (di-tert- 
butyl para-cresol) as a radiation damage inhibitor at 2% concentration for this 
and most of the other base stocks.    For inhibited Ci g_ i g-alkylbiphenyl.  the 
bottoms product showed a somewhat greater viscosity increase than did the 
distilled product.    The increases in viscosity of these irrad?ated base stocks 
when uninhibited were from 20% to 100% greater than when inhibited. 

Tetradecyl diphenyl ether had the least vis COS 1*7 increase of the 
uninhibited materials     It appears doubtful that the radiation stability of this 
material can be improved further through the use of inhibitors because the 
stability of the related material,  C] 4-1 »,-alkyl diphenyl ether,   was not Improved 
by either didodecyl selenide or DBPC. 

The inhibited diesters,  di(2-ethylhexyl) sebacate and dilflOOCty] 
terephthalate,   suffered viscosity increases three to four tunes greater 
than those for inhibited Cj g„ jg-alkylbiphenyl (distilled).    Inhibited dnsooc tyl 
aizelate was even worse with a 385% increase in viscosity 

Log viscosity vs dosage plots were used     Such plots are very nearlv .straight 
lines to dosages beyond 8. .* x 10*" ergs/g C (.1.  G.  Carroll,     Organic Selenides 
and Coking of Gas Turbine Oils,     First Semiannual 1 2 >A Radiation Effects 
Symposium,   Convair ANP Doc No.   NARF-57 -1 f*7.   FZK-9-1I8,   Voll). 

WA DC TR 56-646  Pt II 14- 



g 

com 

© © a.   «   n 

UJ 
o 

u. 
I« 

a    a. 
O      OD 

£ 

UJ       o 
o     a. 
o     <r> 

«=>     »» 
CM 

CJ 

O 
o 
o 
O 

CM 

I 

o 
o 
o 

a. 
OD 

o 

CM 

rM 

I 

o 
o 

CM 

o 
a. 
OD 
O 

V» 
CM 

I 

tu • 
sn      o 

O        Ui 
U> »- 

• ©       -J 
wo« 

a     »-     ui     -J 

CM 

I 

«T> CO       © 

% 

•     co 
»-     — 

o 

o 

5 t 
►- o 

O w 
m 

%   ~   >! 

—    #    >- w 
O      —      *-- oe 

v> UJ 
IM      as      © NP 
►-      -»      © 
—        O        CO -J 

—       » 

o 
o 

— X 
o     tv. 

o 

—;    ä 

X       — 

p h* t-> p 
»- o v a. 
tu O O « 
I o o « 

CM in v> 

w     o>     — 
•    ü    © 

x    —     — 
a.     «n     cr: 

>- 

e>      O» 

I 

£ W. fft «ft 
x oo CO CO 
a.     cj>     o»     t» 

i 
to I I 

I — 
CO I 

I      — 
«A   u 

<J0 

) 
—    c» 
I 

o 

u. </>0 • 

8 OO o 
o»- ■>«» 

t/)»V5 t/> 
—« <«v O 
o *"" >UJ oc fZ *< t/> Ui 

fc 
x< 
OOD o 

00 zo o O 

8- 
OUJ 
— H- 
h- — X w >. <« 
«■■—   «ft* MP 

* Ox r» 
<» • 

UJ QC — CD 
© 52 OCX 

as "■« M 

ac li-O UJ 
oz O 

— •< ■< 

r- i/i 

S 5 uiuj 2 
? o u. fr- 

it» — ^ 
Ui 

ujoo i 
1 z < 

ae o 
8 
CO CM 

o 

8 

—    oic»>'»incj>fs.ooo»o—   Nra^AioNoog) 8^3 
•on ainii 

W\DC  TR  36-646  Pt   II 148 



The benefit ial effect of inhibitors was most marked in the 
cases of base stocks which in neat form had the poorest radiati >n stability 
For example, the vis   >sity increase with uninhibited naphthemi   white 
oil was seven times that with naphtheni«  white oil containing didodei y] 
selenide     Similar results were obtained on UCON DLB 144E 

These data show that inhibitors, particularly didodei y] 
selenide,  can be effective in reducing radiati >n damage as indicated b) 
viscosity change.   This applies to stati« exposures in the presence   >f 
air (undegassed samples vented to air through about 20 feet of tul ing) 

5, •'   Evaluation of Various Base Stocks 

'*' 3< ]   ^D^il Diphenyl Ethers 

The properties of C14. ig -alkyl diphenyl ether with and without 
Inhibitors and before and after irradiation are shown in Table LXYII. inniDiiors ana Deiore ana alter irraoiauon are snown in  laoie I^AWJ. 
The outstanding property of this neat fluid before irradiation was its oxidation 
stability,    It consistently survived the oxidation -<:orrosion test at 500*F with 
an  increase ;n viscosity at  100°F of about 200%.     Most of the other base 
stocks either solidified or showed much greater viscosity increases in this 
„ ,.■    „-.».,,    ♦ .,..» A 1H- I,    , ... . ,.1., • , .,..    I.k.'l    ........    ..   ,..,,.    ..<•  1    !..    . , ...  1 .. ..    t   ... 

l) 

Viscosit) index and pour point values for C14-16 alkyl dipheny] 
ether were 116 and -258F, respectively.   A considerable lowering of the 
pour point is possible through the use of only the C14 component of the base 
stock.    As shown in Table LXVIII. the pour point of tetradecy] diphenyl ether 
was about - <'(|C F. 

Two weaknesses of the alkyl diphenyl ethers for gas turbine 
fluid use are (a) high coking (about 500 mg at 70O°F in  Model (" Panel 
Coker) and (b>  relatively low lubricity (Mean Hertz  Load value of about   13, 
see Appendix I)    Both properties can be improved with appropriate 
additr.es (see Section 5.4). 

The properties of 12 irradiated samples are included m Table 
LXVII.     The v ost notable effects Of irradiation on properties other than 
viscosity wre the lower coke formation and the poorer foam < haracterlstics. 
The former may be due to formation of high boiling substances which are good 
solvents for the coke formed in the test.    These properties will be discussed 
later-   (see Section  5   l) 
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TABLE ucvii    oonUnued 

LUBRICANTS  BA3EP ON  Clt-ii-ALKYL DIPKENYL ETHiJ 

Pa*e 

Saaple  No ■     of   Irradiated lee} 

Additive 

Radiation ßojyym, IQ 
10       ergi/g  c 

Yllcotitf,    ce.    *P 

»00 

100 
0 

pour  Point.   'P 

riaift   Point    COC),   "f 

Spontaneoue   Ignition  N«p«ritir«,   *P 

Poaalna, 

Sequence   1,   foaa height,  al 
-ollapse   tlave,  i In 

.Sequence   2,  foaa height,  al 
•"llapse  time, Bin 

Sequence   *,   fosa height,  al 
collapae  tlae,  i 

Evaporation, 6-1/2 Hours,  % 

iln 

At »oo'p 

, 3QD toad Corroalon.  ag/in.* 
1      7? Hour at  WTJ 

Panel  Coking,  mg at 

70P»P,   R-Hour  T»'Bt 

0«ldatl on-Corroalon 

Saaple Size,  Ml 
Tin*,   Hour* 
Air Rate.    llters/>»our 
Teapertture,   'W 
Weight Change,  ag/ca* 

Be-Cu 
Cu 
*« 
J»e 
Al 

Viscosity   Change,  * 
lO0*F 
210'P 

Neutralization   Nuaber Change 
Insolubles.   *  Wt 

BfJjQ Hertl  Load     Screening Teet),   kg 

2% Dlphenyl   Seien11« 

0 

«.66 
85.1 

100 
»e 

5 
»00 

-0.62 
-6.»2 
♦0.67 
♦0.5» 
♦ 0.»6 

♦ 36.2 
.19.7 

?*a 

100 
»P 

5 
»oo 

-0.10 
-0.15 

♦63 
♦ Y2.6 

5.1 
Nil 

511^-*« 

2* Colloidal  Graph:n 

r . 6 i - 

6.84 
58.9 

1*20 

»P 
i-i /» 
»oo 

«0.10 
«1,58 
-0.15 
-0.15 
-C.1C 

♦ 2».l 

8.5 
2.2 

-1» 

2b 
»P 

1-1/» 
<*oc 

-0.5* 
-1.09 
-0.22 
-0.05 
«0,05 

♦168 
♦aj.7 

o.» 

6.53 
38.8 

1570 

«85 

»15f 

2b 
«P 

l.i/* 
»oo 

-0.06 
1.8*9 

.0.15 
♦ 0. I 5 
♦ 0.06 

4-65.» 
♦87. I 

21 
kl 

I - i /» 
J00 

-0.06 
-0.56 
0.C 

♦ 0.09 
«O.06 

►95. 
.♦1 

Contained  0.001* 60,000 Vie   Slllcone. 

At   »1^'F. 

?0O-al   Saaple  in verted tin-plated  container;   WTR Canal   Source. 

60O-al   Saaple In  vented alualmus container;  NTR Canal   Source. 

»t  *15,f, 

"Aero »ethod, 

Pour-hour tent. 

Shall Pour-Bali   Wear  Teet   - Two hour« at   l6?*P;   0.»C mm at  »-kg   .oad 
3.56 BJB at   lO.tcg   lo 
},©3  ■*   »t   *P«Kg   lo 

Rjrder dear  Loading -   ??»0 and  1700 ppl   In  Merc Teet 

0. 
0. 

>ad 
g   load 

WADC TR  56-646   Pt  II 152 



TA.BI.fc   LXYIIi 

LUBRICANTS  BASED ON  TCTRAPECVL DIPHgNVL  ETHKW 

r 
At    *0O*F 

OX'. (3at '.on-C-rrfv.' ' pfl 

;aunple   ;>:ze,  mi 
Pi rne,   H' urs 
Air  Rate,   llters/h; jr 
Temperature,   *P 
Weight   Change,   mg/:m* 

«-Ou 
Cu 
A« 
Pe 
Ai 
Mg 

Viftc 30! ty Change ,  * 
iOO*P 
210'? 

Neutfall Jation Numt>er Chang« 
[na a iu    f ,  * «t 

Mc»ar.  Hertz   Log d Jr6»ning  Test  , Kg   Llj 

M i cr:    M«tlK><3, 

Pmn«l Coking .  jog mg  lB four_noijr tegt  at 7OO.F> 

uO0*aü   Sirups    tn  v.r»„H   ,i,,_, 
ver.ted UuWiWI container;   NTR Canal   Sour,e. 

Pr»'.>bably  error.eoui , 
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The* superior oxidation resistance of the alkyl diphenyl ethers 
was apparently maintained even after irradiation.    The inhibited samples 
had smaller viscosity increases in the oxidation-corrosion tests than the 
uninhibited samples,   but the poor repeatability of these tests,  especially 
at  50O*F,   makes difficult the evaluation of inhibitors.    Most of the other 
properties (e.g. ,   evaporation,   flash and pour points,   wear,  etc. ) of 
Ci^.jg-alky] diphenyl ether were not affected appreciably by irradiation 
to aOBSgea as high as 8. 7 x 10*^ ergs<g C 

The data on C j 4 .1 g -alkyl diphenyl ether containing 2% 
colloidal graphite should be noted.     The radiation dosage on this blend 
was about 0,6 x ldlu ergs  g C.    Viscosity at 100° F and 210° F decreased 
slightly due to irradiation.    As with the oxidation-corrosion tests,  this 
reversal of the usual increase in viscosity may be due to settling of some 
of the graphite.    The results of the oxidation-corrosion tests on the 
irradiated graphite-containing sample are difficult to assess owing to the 
poor repeatability. 

Oxidation-corrosion tests at 400° F on tetradecvl diphenyl ether 
(Table LXVTII) are also questionable,  as the viscosity of the irradiated sample 
changed appreciably less tnan that of the unirradiated sample.    A scarcity 
of this material precluded a recheck of these results.    The high viscosity- 
changes on the unirradiated sample are believed to be erroneous as this 
material should be very similar to the C 14-jy-alkyl diphenyl ether with 
respect to oxidation stability. 

5, 3.2   Cifj. 13-Alkylbiphenvl 

The properties of inhibited and uninhibited Ci o_i g-alkylbiphenyi 
(distilled) and C\ 6-1 g-alkylbiphenyl (bottoms) are given in Tables LXIX and 
LXX,   respectively.    Data on irradiated and unirradiated samples are 
included. 

The unirradiated,  distilled alkylbiphenyl had a pour point of 
-til °F,   but its low temperature viscosities were appreciably higner than the 
corresponding ones for tetradecvl diphenyl ether.    Stability was fair in 
oxidation-corrosion tests, the increase in viscosity at  100*F was about 50% 
for the 400*F test and about 200% for the 500° F test.    The Panel Coke Test 
gave high values (ca   IOOO mg),   while Mean Hertz Load values were unusually- 
low (less than 10). 

A higher pour point and poorer oxidation stability were displayed 
by the unirradiated bottoms product,   but these were ofi'set by a higher 
Mean Hertz Load of about  15 and a lower coke formation of around 600 mg. 
Didodecyl selenide or DBPC in either the distilled or bottoms product reduced 
coke formation but did not have much effect on oxidation stability before 
irradiation. 
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Although these base stocks showed unusually small viscosity 
i hangef upon irradiation,   especially wnen inhibited,  other properties did 
< hange apprei Labiy     Coking was greatly reduced,  and a small improvement 
in lubricity occurred in both materials      The distilled Cig. \ g-alkvlbiphenyl 
became less Btable toward oxidation,  several samples,   both inhibited and 
uninhibited,   solidified in the oxidatior   corrosion test at 500*F.    By contrast, 
iHe oxidation stability of the bottoms product seemed to benefit through 
irradiation.    The viscosity changes of the irradiated samples were appreciably 
Legs   than those of the unirradiated samples in the oxidation-corrosion test 
.it 500° F.    Didodecyl selenide appeared to benefit the irradiated Cjg-lS" 
alkylbiphenyl (bottoms) in this test.    The poor repeatability of the oxidation- 
C   irrosion tests makes   doubtful the value of inhibitors to the irradiated 
(i l sti 1 led product. 

5, 3 .3   Diiaooctyl Terephthalate 

Table LXX1 shows the properties of diiaooctyl terephthalate 
A itli and without inhibitors.    The neat ester had good low temperature 
properties,   its pour point being about -65°F.    Lubricity,  as indicated by 
either the Four-Ball Wear Ti st or the Mean Hertz Load,  was somewhat poorer 
than desired      Less than 1   mm wear (see footnote page 77) or a value of at 
least   20 (see Appendix I) are the goais in these two tests,   respectively 
Panel coking at   J0Q*F was about 500 mg.and oxidation stability,   especially 
in   the oxidation-corrosion test at 5nO°F,   was quite poor.    The use of 
didodecyl selenide improved stability in the oxidation-corrosion test at 
■l(<i0K,  but not at 500° F.    The selenide reduced coking very markedly. 
Other- inhibitors did not appear to be beneficial with respect to oxidation 
stability; and some,   stub as DBPC,  were deleterious with respect to 
coking. 

The effects of irradiation on the viscosity of dnso octyl 
terephthalate with and without inhibitors were noted in Section 5.2 
(p«ge   14 7).   The effect of irradiation on oxidation stability is difficult to 
assess,as all but two of the oxidation-cor rosion tests at 500° F resulted in 
solidification of the ester.    In the two exceptions,  a malfunction of the 
apparatus is suspected. 

Of interest was the substantial reduction in coking brought about 
by   irradiation of both inhibited and uninhibited diisooctyl terephthalate.    As 
little  as 0,87 x  10*" ergs/g C sufficed to effect this reduction.    As with other 
ba -    st nks.   foaming increased greatly after irradiation,   whether or not 
silicons antifoam was present originally. 

5.3. 4   Naphthenlc White Oil 

A naphthenic petroleum white oil was tested fairly extensively 
■is   a reference material.    Its high degree of refinement assured maximum 
response for a petroleum fraction to oxidation inhibitors.     Results appear 
in   Table LXXII.     In comparis >n with son-,e of the synthetic- base stocks, 
naphtlienic white  oil was not promising as a base stock for engine oils. 
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Ii possessed mediocre VIMOS i?;. -temperature jnd low temperature 
properties.    Evaporation at 400* F    SOU lead corrosion,  and panel coking Jit 
70O°F w-re high     Oxidation stability of the uninhibited oil was poor as 
indicated by formation   A tar in the oxidation-corrosion test at 40O*F.    At 
50O*F,  all white oil samples golidified in this test. 

Inhibitors were quite effective at 400*F hut had virtually no 
effect at 500° F in the oxidation-corrosion tests.   Coking was not reduced 
through the use of inhibitors.    Aside from the vis <    sit. changes already 
discussedj irradiation appeared to be beneficial with respect to oxidation 
Stability at 400° F and coking at  700* F 

5.3.8   UCON DLB 144E 

This polyglycol also served as a reference material.    The 
properties of inhibited and uninhibited base stock appear in Table LXXII1. 
The very high evaporation of the uninhibited and unirradiated UCON DLB  14 4E 
at 40(i° F is typical of a polyglycol.     It is attributable for the most part to 
Oxidative breakdown to lower molecular weight materials.     Probably 
related to tins effect were the negative changes in viscosity in the 
oxidation-corrosion tests, 

A good Mean Hertz. Load value of about 24 was obtained for the 
neat base stock.    The low temperature properties (pour point =   -65° F) were 
also good.   Didodecyl selenide had the effect of reducing evaporation at 
400° F markedly and of reducing the viscosity change in the oxidation- 
corrosion tests. 

Although the viscosity changes in UCON DLB 144E due to 
irradiation were quite large (aee Figure 24),   this base stock when inhibited 
with didodecyl selenide retained most of its oxidation stability after 
irradiation.    This seemed to apply even in the severe oxidation-corrosion 
test at 500* F,  although data were limited. 

5« 3. 6   Aliphatic Diesters 

Test results on di(2 -ethylhexyl) azelate,   dnsooctyl azelate, 
and di(2-ethylhexyl) seb&cate are given in Tables LXXIV,   LXXV,  and 
LXXVI.    All these diesters had original pour points below -60° F. 

Surprising differences were found in the coking levels and 
oxidation stabilities of dnsooctyl azelate and di(2-ethylhexyl) azelate.    The 
latter was far superior in these two respects.    Didodecyl selenide effected 
a marked improvement in the oxidation stability and a large reduction in 
coking for dnsooctyl azelate.    On the other hand,   the coking value was 
higher for the di(2-ethylhexyl)  sebacate with 5% didodecyl selenide than it 
was for the neat ester.    Also,  the viscosity increase in the oxidation- 
corrosion test at 500° F was higher for the sebacate with 2% selenide than 
for the ester without inhibitor. 

Although these ester based fluids suffered relatively large 
viscosity increases during irradiation,   coking remained unchanged or was 
reduced. 
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TABLE   LXXIV 

LUBRICANTS   BASED  ON   PI 12-ETHYLHEXYL)   AZELA'.-E 

* 600-oil  Sample  In vented aluminum container;   NTR Canal  Source. 
b Boll»  at   %1»*P. 

Klcro   Method. 
d 

»■cur-hour   teat. 

faaple   No.     of   Irradiated  samples, 50«0-50 50*0-22 

Additive *  

0            ! 

0.933 
3.00 

11.2 
160 

Rad"at! on   Do a age,   IO10 erga/K C 0.87* 

ib) 
3.»7 

13.9 
2 35 

1920 

A. 80* 

(b) 
18.3 

135 
■>«5C 

Vlacoalt^»   f-a,   *f 

«00 
210 
10O 

0 
-»0 

Pour   Point,   *f «■ -60 

»25 

760 

<-60 

«05° 

7«0 

<-6o 

275C 

76C 

Plaah   Pclnt    COC ),   *F 

Spontaneous   Ignition  Temperature,   *P 

Poaalng 

Sequence   1.   foam height,   ml 
collapse   tine, «in 

30 670 
30 

Sequence   2,   foam height,   ml 
collapse   time. Bin 

25 
0.6 

6co 
5 

Sequence   5,   foam height,   ml 
collapae   time,  mln 

30 
2.3 

770 
20 

Evaporation,  6-./2 Hour»,  % 

32.6 30.1 At  «no*F 

Panel   Coking,   mg at 

20** & 21* 700*F,   «-Hour Teat 

Oxldatlon-Corroalon 

25 «8 
1-1A 
500 

-0.23 
-1.22 
-0.16 
-0.06 
0.0 

?5 
«8 

1-1A 
500 

♦ 0.17 
-0.58 
♦0.10 
-I.6I 
-I.I6 

25 «8 
1-1/* 
500 

O.o 
»0,07 
-0.0« 
-6.« 
-0.0« 

Sample  Site,  ml 
Time,  Houra 
Air  Rate,   Utere/nour 
Temperature,   *P 
Weight  Change,   ag/aa* 

Be-Cu 
Cu 
Ag 
ft 
Al 

VleeoaltY  Change, t 
10CP» 
210#P 

Neutralisation Number Change 
Insoluble»,   4 Wt 

♦213 
♦ 123 

2«.6 
«.«1 

•olid 
•olid 

21.6 

♦ 3*«0 
♦ 1047 

0.« 

H»an Herts   Load    Screening Teat),  kg -19 ~16 

—. 

~21 
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5.4   {-'ormu la tions 

Two promising base stocks applicable to the engine oil 
development were the C \ 4- j g -a lk_\ 1 diphenvi ether- and the Cl6-18" 
alkylbiphenyl.    The former- possessed higher stability toward oxidation 
even after irradiation,   while the latter had the better resistance to 
viscosity changes due to irradiation.    The diphenvi ether was 3 idged 
to have a superior combination of properties and was,   therefore,   selected 
ap  the principal base stock for formulation studies. 

The effects of compounding nn the properties of C'14-i-, 
alkyl diphenvi ether are shown in Table LXXVI1.    None of the samples in the 
table was    irradiated.    A comparison of Sample 1 with Sample 2 shows that 
2% didodecvl selenide reduced coking more than 50% and reduced somewhat 
the  viscosity change in the 500*F oxidation -cor rosion test. 

A much greater reduction in coking was achieved through the use 
of certain high boiling materials as blending agents.    Table LXXV1II shows the 
effects on coking of a number   of such blending agents.    The California (solvent 
refined) bright slock gave consistently low values.    The results of tests with 
various amounts  of bright stock are shown in Table LXXV1II and plotted in 
Figure 2 5, 

The combination of 2% didodecvl selenide and 15% bright stock 
in Sample 4 (Table LXXVTI) produced an even lower coke value than the 
2b% bright stock in Sample 3.    In Sample 5,  a 0% concentration of tricresyl 
phosphate was tried in order to improve lubricity.    This raised the Mean Hertz 
Load value to over 20,   but it also increased coking at 700° F and the viscosity 
chpr»ge in the oxidation-corrosion test at 400° F.    In Sample 6,  a 3% concentration 
of tricresyl phosphate improved lubricity to the equivalent of that of Sample ... 
and the deleterious effects were proportionately less. 

The inhibiting effects of colloidal graphite are shown in the 
oxidation-corrosion tests on Samples 7 and 8.    The viscosity changes in these 
samples were aopreciably less than the corresponding ones in Samples 1 and 2. 
Comparison of Samples 9 and 1 1 indicates that even a 0. 2% concentration of 
graphite had some inhibiting effect in the 500° F oxidation-corrosion test, 
L'nfortunatelv,  the antioxidant effects of colloidal graphite were more than 
offset by the large increase in coking which it promotes (Samples 7 and 1(f). 

Dark oil-soluble dyes,  e. g. ,   Petrol Black A,   showed a 
substantial synergistic effect on the oxidation-inhibiting properties of 
dialkyl selemdes.    This can be seen in the low viscosity changes in the 
4 O0° F oxidation -corrosion tests for Samples 14 and 15 in Table LXXVII. 
Tne effect of Petrol Black A was very small in complex blends such as 
San.pies  12 and 1,3.    It is possible that the tricresyl phosphate,   the most 
reactive ingredient in these blends,  had a deactivating effect 01 the dye and 
that substitution of anotner ex'reme pressure agent for tricresyl phosphate 
would restore this desirable synergism.    Results of Dornte oxidation tests on 
formulations containing tricresyl phosphate are shown in Table LXXIX.    The 
san.pies confaining the dye had 01.ly a small advantage over fhe sample without 
the dye. 
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FIG.   26 -  COKE FORMATION OF  VARIOUS BLENDS 
Cl6-i8'AUYL DIPHENfL ETHER AND RPM 210 BRIGHT STOCK 

WITHOUT RADIATION 
(4 HOUR TEST AT 700°F TEST IN MODEL C PANEL COVER) 
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Table LXXIX 

Inhibiting Effecl of Petrol Black A In 
Formulations Containing Trieresyl Phosphate 

Blend No. 1                 2 -• - 3 

C 'on iposition 

(' 14. j ,,-Alkyl Diphenyl Ether Bi.9 81. 7 si. , 

21 0 Bright Stock 1 5 15 1 5 

Didodecyl Seienide '> — 

DBPC ■) 

Trieresyl Phosphate 1 1 l 

60,000 Vis Siiicone (1% in kerosene) 0. 1 0, 1 0.1 

Petrol Black A 0. 2 0. 2 

dornte Oxidation Test 

Sa mple Size,   g 2 ) 25 2,. 

Catalyst None None Nont 

Te rnperature ,  ° F 4 (tO 4dij 400 

Ti me to Absorb 1000 ml 0>.  houri 4. 9 5. 5 5. i 

The properties of some formulations,  based on C i 4 ..] 1, -alk \ 1 
diphenyl ether,   before and after irradiation are shown in Table  LXXX. 
B lends 1  and 2 were the same except for the concentration of tn< resyl 
piiosphate,    Of interest is the large increase in coking caused by a 
relatively low radiation dosage of 1. 77 x 10*0 ergs, g C.    The increase was 
i;r eater in Blend  1  which contained the larger concentration of trieresyl 
phosphate.    As the dosage became greater,   coking decreased from the 
initial maximum,    A corresponding rise and fall was found in the Mean Hertz 
Load  values.     This may indicate a change m the trieresyl phosphate due t 1 
irradiation and suggests that,    (a) omission of the phosphate from a 
formulation would yield a more radiation-stable fluid, (b) the phosphate 
contributes to coking of irradiated fluids. 

The percentage changes in viscosity due to Irradiation in 
Blends 1  and 2 were of the same order of magnitude as for the neat 
C 1 4- 1 t;-alk;, 1 diphenyl ether base stoc k.    Viscosity changes in the oxidation 
corrosion test at 400* F appeared to go through a maximum at about  1 . 77 x  lnl" 
ergs   g C and through a minimum at about 5. 4 > x  10*** ergs, g C. 
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The use of the relatively large concentration (0, I%> of 
silicone antifoam agent failed to achieve the desired foam suppression 
after irradiation.    Several solid globules,   believed to be crosslniKed 
silicone polymer,  were found in the irradiated samples. 

A comparison of the radiation-induced viscosity changes in 
Blends 1 and 3 shows the beneficial effect of colloidal graphite in reducing 
radiation damage.    Percentagewise,  the changes in Blend 3,   which 
contained 2% graphite,   were about half as great as those in Blend 1 
However,   the res lit8 in the 400° F oxidation-corrosion test were poorer. 

In Blend 4 of Table LXXX,  Kendex 0834, a propane-precipitated 
resin from Pennsylvania residuum,   was substituted for bright stock as ;m 
anticoke agent.    Initially,  the Kendex 0834 was less effective than the 
bright stock in suppressing coke formation in the panel coke test at 700*F. 
After irradiation,  however,   it appeared to be equal to or better than the 
bright stock in this respect.    The percentage changes in viscosity upon 
irradiation and the stability to oxidation were worse for the Kendex 0834 
blend toan for the corresponding Blend 2 containing bright stock. 

Blend 5 in Table LXXX was the most promising engine oil 
formulation to emerge from the work.    It was designated CALRESEARCH 2 30 
and was recommended to WADC for testing in a J-57 engine.    (Available 
data on CALRESEARCH 230 are in Table III, page via.) The results of ben< h 
tests on this formulation without irradiation were satisfactory for the most 
part.    Particularly good was the low value of 0.67 obtained in tne WADC Model 
F Deposition Tests.     Postirradiation properties should be somewhat better 
than those for Blena 2 inasmuch as a lower concentration of trieresyl 
phosphate was used in Blend 5, 

A  relatively small amount of formulation work was done with 
base stocks other than C^.i^-alkyl diphenyl ether.    Table LXXXI 
presents properties of various unirradiated base stocks blended with 
California (solvent refined) 210 Bright Stock and bis(tridecyl) selenide. 
-Available data on the base stocks inhibited with didodecyl selenide are 
xncluded for comparison.    The beneficial effects of the bright stock in 
reducing coking appeared to be applicable to ail these base materials,  but 
the effect on the biphenyl bottoms was less than that on the distilled product. 
"The  bright stock caused much greater viscosity changes in the oxidation- 
crorrosion tests at 400° F than were obtained with the base stock-selenide 
rolends. 

Blend 6 in Table 1JCXX is a formulation based on Cig.jg- 
atlky lbiphenyl.    Comparison of the viscosity changes after irradiation for 
this  blend with those for Blend 2 in the same table shows that the higher 
radiation stability of the alkylbiphenyi carries over into its blends. 
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5 o   Results  >' Cooperative Tests 

Sixteen samples of van >us base stocks,  inhibited and 
uninhibited,  were tested in oxidati m-corrosion tests a! 500°F both at 
Ihe  Materials Laboratory,  WADC, and at California Research Corporati »n 
The results appear in Table LXXXII     Except in  me or two cases   the 
agreement was .er-, poor both with respect tc fluid properties after the 
test and with respect to weight changes in the metal spec imens.    The 
i omparis >n of results emphasizes the need fir- caution in reaching 
i on< lusions on tin- basis of oxidation-corrosion tests at 500* J . 

Five samples (GTO-582 through 586) were sent I »Southwest 
Research Institute for Micro Ryder Gear Tests     The results are given 
in Tal !e LXXXIU together with available Mean Hertz Load (s< reening test) 
data 

Table J^XXXHI 

Micro Ryder Clear- Loading Tests on Expl irator\ Blends 

; GTO No. 

Composition 

r- 
582 

Maphthenic White Oil, 
wt ao 

C | 4- j.,- Alks 1 Diphenyl 
Ether,   Wt °/o 

I TON DLB  1 44 E,   wt % 
T ric rea > 1 Phosphate, 

wt r 

Didodet ■;. 1 meiernde. 
wt   % 

Polyl utene l 28,   wt % 
61 . 01 •" \" is Silicone 

(1% ID kerosene),  wt a'o 

Mi« V-) Kvcier Gear Loading] 

!  Mean Hertg Load 
(SereerunL

1
 TesD,   kg 

98 

0   1 

; 100, 1 28<i 

18 

58 3 

93 

?00   2070 

584 

00 

0. 1 

585 

88 

2 

0.1 

2 24(', 1 70Q 2080, 1630 1890,2 14') 

586 

98 

£ l 

Surprisingly high Ryder Gear Loading values were   obtained for the samples 
based on Ci i   iR-alky] diphenyl ether.    These are m disagreement with the 
Mean Hertz Load (screening test) results  .vhich are fairlj low (at,out 1 >)     High 
values were obtained in both tests on the UCOM DLB 144E blend.    The ovi r-al] 
correlation between the two tests appears to be poor. 
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5 . r>    Mi see Ham- mg 

Metal spe< imeni were pia< ed in various fluid sample» for 
Irradiation.    This was to determine the corrosive tendencies of the 
products.   After exposure, the specimens were cleaned and reweighed. 
L>ata   are in  Table  LXXXIV      Weight changes were mfhor except in a fe<» 
instances where DBPC   vas a constituent Of the sampl1"      Here changes! 
amounted to about 0. \% 

5    7    Status,   Conclusions,   and He« orrrr.endations 

Substantial progress was made in the development  of a 
radiation resistant high temperature ga.., turbine engine oil.    Tht 
formulation, CALRESKARCH 230*,  was sufficiently advanced to warrant 
testing in an engine,   even though radiation Stability was  less than that 
de"irt(!.     The oxidative stability after irradiation f".r this product and 
similar formulations was poor,   although that of the base sto< k was 
relatively pood.    Two ingredients are suspected of causing the loss in 
stability     the tricresyl phosphate and the 210 Bright Stock.     It is believed 
that substitutes with greater stability can be found for b >th materials. 
Elimination of tricresyl phosphate should not only improve the oxidation 
stability of the blend but reduce postirradiation coking.    There is also a 
possibility that the tricresyl phosphate interferes with the synergistu 
effect of oil   soluble dyes on the Inhibitive properties of se'emdes     A 
specially synthesized high boiling   substance,    essentially aromatic in 
structure,  w.mld resist oxidation and radiation damage better than 210 
Bright Stock while possibly performing the same function in reducing coke 
formation. 

Improvement of low temperature properties of CALRESEAHCH 2 30 
can probably be achieved by using a base stock which is predominantly Cj^-aiKyl 
diphenyl ether instead of the C|4.1g-mixture.    With respect to base stocks other 
than the alkyl diphenyl ethers,   test results indicate that naphthemc white oil 
and the aliphatic esters lack the thermal and radiation stability to warrant 
further consideration.    Diisooctyl terephthalate also falls short of the 
requisite stability,   but variations of this compound may hold promise. 
Alkylbiphenyls possess a ingh radiation stability which makes these 
hydrocarbons attractive for further study.    I'CGN DLB 1 44E,   which showed 
a  reversal in the usual viscosity change in oxidation-corrosion tests,   may be a 
useful blending agent for other base stocks to counteract excessive viscosity 
increases due to oxidation. 

C'[4-!g-Alkyl diphenyl ether containing petroleum 21(' Blight Stock, 
ihdodecyl sclermle.   tru resvl phosphate,   Petrol Black A.   and 
silicone (see Table LXXX,  page 1 74), 
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6    GEAR LUBRICANTS (S    K    Calish) 

8   l   Introduction 

'I he objective of this phaie of the work was to develop a high 
temperature gear  lubricant suitable for use in radiation atmospheres 
The pattern nonnuclear specification was MIL-L-7499.    This included a 
wide useful temperature range and film strength values high enough to 
require additives in any base oil under consideration.     It was apparent 
from the beginning of the research that the gear oil and engine oil onases 
Would be closely allied.     Any potential engine oil would be considered a 
base   >il candidate for further gear oil development.    A very small effort 
went into the tatter in 195?« 

Work in 1956'  on gear oils consisted of screening 16 extreme 
pressure agents  in four principal base oils,   a mineral oil,   a polyglyeol,  a 
terephthalate ester,   and an alkvlbiphenvl.    It was determined in earlier 
research- that chlorine-containing extreme pressure agents tended to become 
Corro»i¥S during exposure to radiation.     Thus,   the additives used in  1956 
werf compounds of phosphorus and sulfur.    From these results,   samples 
were selected late in 1956 for full-scale Mean Hertz Load determinations. 
Tests werf made by Inland Testing Laboratories (Division of Cook Electric 
Company),  and results became available in 1957, 

6 2   Test Results 

Mean Hertz Load Tests were performed on 11  compounded fluids 
before and after irradiation to 6. 8 x lOlO ergs   g C.     In addition,   C \ 4- 1 g  alkyl 
diphenyl ether was tested before irradiation.    Results are in Table LXXXV 
These data show considerable difference in film strength among base oils, 
but,   more important,  there was even greater difference in response to 
extreme pressure additives.    In every case,   the addition of sulfunzed 
olefms produced a finished blend which met the 40-kg Mean Hertz Load 
requirement of MIL-L-7 449. 

The results of Mean Hertz Load Tests after irradiation indicated 
even more clearly that the base oil-additive combination must be carefully 
selected if desired high film strength is to be maintained in use.    Of the 
sulfur-containing additives,   only the diparaff. r sulfide remained effective 
after irradiation in the ester base oil.     In the n ore radiation resistant base 
oil,   C] 6-1 8  alkylbiphenvl.   film strength was not appreciably affected by 
irradiation  regardless of additive 

Effects  of Kadiation on Aircraft Lubricants and Fuels,     (California 
Research 1958 Summary Report on Contract AF 33(616)-3184) 
WADC Technical Report 56-646,  p.   126. 

.!.   (.    Carr >11 and S    R.   Calish.     Some Effects of Gamma  Radiation 
on Commercial Lubricants,'  Lubrication Engineering 13.  No    7, 
338 (1957}, 
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6   3   .Status    Conclusions,   and Recomrr.endations 

This portion of the project was largely dormant during  1957 
be« auae of planned emphasis ->n engine oil base stocks,   which will provide 
the basifl  for a radiation resistant  gear oil      The results reported are final 
"fsts on   )ils blended during 1956. 

It is re« amn.ended that the gear lubricating ability of engine 
oils < ontimie to he an important aspect of their evaluation.    The alkyl 
aromatic»,  preferred base stock for engm~ oils,  appear to have poor 
lubricity,   based on Mean Hertz Load Tests      The addition of extreme 
pressure agents,   such as diparaffin sulfide,   may improve this property. 
However,   the effect of these compounds on corrosion and radiation 
resistanc e under dynamic conditions is not known and should be evaluated. 
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JET FUELS U    T    Guerin) 

•   I   Introduction 

Tne study of effects of radiator» on iet fuel properties was 
continued and expanded from previous work on this contract*      It was 
found in  1956 that jet fuel properties (with the exception of thermal stability) 
pertinent to aircraft operation were affected only ilightly as a result of 
exposure to 0,87 to 4. 35 X  10*^ ergs  g C of gamma radiation.    The JP-5 
grade fuels had less radiation tolerance than .IP-4 fuels     This was not greater 
radiation instability for JP-5'g,  but resulted from less margin between 
initial JP-5 properties and limiting properties (MIL-F-3t>24C) for 
satisfactory engine operation.    Until the effects of radiation on thermal 
stability were investigated,  it appeared that viscosity increase was the 
critical item     The work in 1857  emphasized the effect of radiation on 
thermal stability     This property may be a problem at radiation dosages 
too low to affect other fuel properties materially. 

7     2 Test Fuels 

Nine fuels were used in the 3 957 work.    Table LXXXVI 
identifies these     Eight were production fuels chosen to represent different 
peographical crude petroleum sources so that results obtained would have 
as broad an application as possible     The ninth was a highly refined 
naphthenic kerosene,  a type of fuel which has been proposed for use in 
supersonic aircraft. 

Table LXXXVI 

Identity of Jet Fuels 

Cain ornia ! 

R esearch 
No. Description 

......       1 

J-81 3 JP-4,   West Texas Crude 

J-H52 JP-4,  Salt Lake (Rangely) Crude 

J-782 JP-4,   Middle East Crude (RAF 105-55) 

J-372 JP-4,   Mid-Contin-nt Crude (RAF 106-55) 

j -: 7 o JP-4,  San Joaquin Crude (RAF 107-55) 

.7-728 Special JP-3,   A Highly Refined,  Aromatic-Free 
From Eastern US.  Crude (Pratt 
Whitney F-112) 

Kerosene 
and 

J-   7! JP-5,   Los Angeles Basin Crude (RAF 104-55) 

J-746 Special JP-5,   Eastern U.S.   Crude (RAF 99-55) 

J -;: lö RP-1,   Highly Refined California Kerosene 

Effects of Radiation on Aircraft Lubricant and Fuels,   (California Research 
1856 Summary Report on Contract AF 33<6K.)-3184> WADC Technical 
Heport fiS-645,  p.   134 
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The production fuels were irradiated during 1956,  and the observed changes 
in physical propertiei were reported on four   JP-4's and two JP-5's* .    Similar 
data are reported herein (Section 7   4. 1> for the remaining two fuels. 

7   3   Test   Procedures 

Irradiations of all fuels (except .1-1 118) were conducted in the 
MIR Canal Source for nominal dosages of 0. 87 x 1 01°,   4.3 x I')10    and 
8   7 x H)l() ergs  g C (1 x 10°,   5  x iö8,  and 10 x 10^ r>      Aiununum containers^ 
filled with 1 2, 000 ml of fuel were used for these irradiations.  J- 11 18 
received various treatments:    (a) 55 gallons was irradiated in a standard 
steel.   Type 17-E drum,   in NARF at Convair,   Fort Worth,during SPIT-2, 
(b) three 12, 000-ml samples were irradiated at the MTR for gamma dosages 
of H.7  x 1 0 ' ,   8.7x1 0°,   and 8.7 x 10^ ergs/ g C, (c) nine irradiations were 
conducted in the Cal Research cobalt-60 source in a circulating loop for 
dosages between 8. 7 x 1 0^ and 8.7 x 10' ergs/g C      During one exposure dry, 
t lean air was continuously bubbled into the fuel in the reservoir; during two 
exposures helium was used instead of air.    The remaining exposures were 
conducted with the sump vented to the atmosphere. 

Thermal stability was determined in a Model 03FC automatic 
CFRFuelCoker (see Appendix I).    Tests conformed to present procedures'* 
with one exception:    because of the small volume of irradiated fuel available, 
test duration was shortened to 2-12 to 3 hours as required. 

7   4   lest  Results 

7.4.1    Laboratory Inspections of J-746 and J-770 

Table LXXXVII presents the results of inspections on these two 
fuels,   a JP-4 and a special JP-5.    Data were obtained on the whole fuels 
only.     Fractional distillations were not made because the results obtained 
on the whole fuels did not show any significant departure from the trends 
shown previously for the other JP-4 and JP-5 fuels.    The ASTM D 86 
distillations gave increasing distillation temperatures past the 30% points 
for both fuels.    Also    the increasing "front-end'   volatility of the JP-5 
with increasing irradiation showed the formation of low molecular weight 
material in this stock.    This was also true of the two other JF-o fueis^. 
The increased front-end volatility indicated a lower flash point,  although 
this property was not actually measured on any of the irradiated JP-5 samples 

1 "Effect! of Radiation on Aircraft Lubricants and Fuels, " (California 
Research 1956 Summary Report on Contract AF 33(616)-3184) WADC 
Technical Report 56-646,  p.   134. 

Ibid,  p.   5 

Ibid.   p.   138, 1 40, 

Instructions for Operation and Maintenance of CFR Fuel Coker, " 
Coordinating Research Council Manual No.   3,   March 1957. 
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Figur© 26 shows graphically the effect of irradiation on the 
API gravity,   the initial boiling point,  and the 80% distilled point of the 
two fuels.    The formation of high molecular weight material reduced the 
ATI gravity of both the JP-4 and the JP-5.    The initial boiling point of 
the latter was markedly reduced,   while that of the JP-4 (about 250° F 
below that of the .JP-5 originally) was not affected in this regard.    This 
may be sxplalnfld by a loss of volatile products from the lower boiling 
fuel during exposure in the MTi! Canal Source.    Figure 26 also shows 
that the 80% distilled points of both fuels were affected in about the same 
wa> by irradiation.     Viscosity increases resulting from irradiauon are 
shown in Figure 27      At the highest dosage,   the JP-4 viscosity was 
marginal at  -40*F; however,  the viscosity at 0* F for JP-5 was marginal 
at hu!f this dosage. 

As before with the other six fuels*,   suspended gum and 
adherent gun   as determined by the Filter Residue Test (see Appendix 1) 
did not appear to he influenced by irradiation. 

7.4.2   Fuel Loss from Irradiation 

Because loss in API gravity with the irradiated fuels was 
accompanied by increasing aniline point,   gravimetri    Seating values 
remained approximately constant throughout the dosage range investigated 
(see Table LXXXVII).    Some fuel was lost during exposure through gas 
evolution.    Weight losses observed after exposure of J-746 and J-770 
are shown in Table LXXXVII1: 

Table LXXXVUI 

Welght Loss of Fuel on Irradiation 

Gamma DosageJ 
I[}*el No. ergs; g C 

I -746,  JP-5       0, 87 
4.3 

8. 

Weight Loss, 
grams 

Weight Loss 
Per Cent 

J -770,  JP-4 0,8 
4. 3 
8, 1 

175 
Not determined3 

Water in san.pl? 
895 

1. 8' 

9. 52 

io 
720 
8 55 

0. 48 
7. 60 
9, 04 

750 grams of water found in sample on return from  MTR. 

These losses were considerably higher than estimates made previously 
from  irradiations .>f the  other six JP-4 and JP-5 fuels'  (1. 5 and 0, 5 
V >lume per cent,   respectively,   at about 3. 7 \ 10*" ergs   g C). 

Effects   >f Radiation Oil Aircraft Lubricants and Fuels,  (California 
Research 1956 Summary Report on Contract AK S3(616)-S184) WAIX" 
Technical Report 56-648,  p.   155. 
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7.4. 3   Prediction of Viscosity Changes 
Resulting from Irradiation  

With the viscosity measurements obtained on the eight 
fuels irradiated during 1956',      the* following equation between radiation 
dosages,   initial viscosity, and final viscosity was developed     The 
relationship was based on exposures measured in roentgens, however, 
convp'-Fj-r  ',:, ergs ft C -an easily be made where desired,  by the factor, 
87. 1 ergs  g C per roentgen (see page 3). 

mV   =     lOg jaW wy 

where   f\    -  viscosity in centistokes after exposure to y in in" r. 
o 

y ■   gamma dosage divided by 10° r. 

7|o =  viscosity in centistokes before exposure. 

m   = index of susceptibility of the fuel to viscosity 
change caused by irradiation 

C   = a constant for a particular fuel at the particular 
temperature at which the viscosity is determined 

To test the fit of the equation to the actual measurements, 
viscosities were calculated for the eight irradiated JP-4 and .TP-5 fuels. 
Empirical relationships were used to determine "C. "   Good agreement i.-; 
shown in Figure 28 between measured and calculated viscosities.    Further 
illustrations and observations are contained in Appendix XIL 

7.4.4   Thermal Stability Tests on Eight Jet Fuels 

The results of CFRFuel Coker Tests are summarized in 
Table LXXXIX.    A total of 56 tests  was   made,  of which 19 were on J -1 118 
(highly refined kerosene).    Tests on unexposed fuels were made first In order- 
to establish preheater and filter temperatures which would permit the 
detection of either increases or decreases in stability.    Plots of the filter 
pressure drop versus test time for the five JP-4's (J-813,  J-852,  J-782. f-872,and 
.1-770) and the three JP-5's (J-728,   J-771,  and J-746) are given in Figures 
29,   30.   31,   32,  33,  34,  35, and 36,   respectively.    The curves show test 
results for the unirradiated base fuels and foT" each of the three radiation 
dosages employed.    The use of actual pressure drops rather than the 
customary pressure drop increases spreads the curves to permit easier 
comparisons.    It also shows the initial effect of differences in viscosity 
of original and irradiated fuels. 

Effects of Radiation on Aircraft Lubricants and Fuels, " (California 
Research 1958 Summary Report on Contract AF 33(616)-3184) WADC 
Technical Report 56-646,  p    152. 
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Filter merit ratings and preheater deposits are plotted as 
,i function of gamma dosage in Figures 37,   38,  and 39.    These   show that 
gamma radiation in the dosage range investigated influenced jet fuel 
thermal stability measurably but not consistently.    For example,   inree 
fuels (J-813,   J -782,   and J-728) showed reductions of 20 or more in FMR 
at the   lowest dosage,  while four showed improvements,and one changed 
very little  .    At the intermediate dosage,   only one fuel had a lower FMR 
than its unirradiated sample.    At the highest dosage, all FMR's on 
irradiated stacks were higher than those on the respective original 
fuels. 

Preheater' coating was not heavy for any of the fuels due 
partly to reduced test time and partly to the relatively good thermal 
stability of most of the fuels used     Four of the JP-4's showed a tendency 
for more deposits at the lowest dosage,   ana all five were as good as 
or better than the original samples at the highest dosage.    Of the three 
JP-S'Sj  J-771  was least stable,and tests were conducted at 400/500/6 for 
this fuel      Radiation improved both filterability and preheater coating to a 
marked degree.    Neither J-728 nor .1-746 formed preheater deposits at 
4T><>, 500   'i,   relatively severe coker test conditions,  irrespective of 
radiation dosage.     .1-728,  however,   did show a drop in FMR at the low 
dosage of 0. 16 x IQ*" ergs/g C, 

7.4.5   Thermal Stability of .1-1 118,   A Highly 
Refined Kerosene (RF-1)  

A barrel sample of this stock was exposed to reactor 
irradiation at NARF in SPIT No.   2   .    A dosage of about 87.1 x 107 

ergs/g C gamma equivalent" was received,   approximately 80% of which was 
gamma radiation.    As predicted for this relatively low dosage, no 
measurable changes were observed in any physical tests made.    However, 
contrary to expectations,  thermal stability was appreciably reduced.    CFR 
coker tests made at 400/500/6 showed a reduction in FMR from 67 for the 
unirradiated sample to 20 for the irradiated sample. 

This finding led to a more extensive program with J-1118. 
A total of 19 coker tests was    made.   These are summarized in 
Tible LX.X.XIX.    Initially,  three samples were irradiated in the Cal 
Research cobalt-60 source and two in the MTR Gamma Canal Source. 
Five doeagea varying 10,000 fold were obtained.     All of these five 
irradiated samples had lower FMR's than the base fuel except the sample 
exposed to 8.7 x 109 ergs'g C at the MTR.    The minimum FMR of 32 was 
obtained at 8. 7 x 10^ ergs/g C.    None of these irradiations produced the 
instability of the SPIT-2 sample. 

Nuclear Aircraft Reactor Facility,  Systems Panel Irradiation Test No.   2 

2 a , A 
Sample received 8 x 10° roentgens of gamma,   3 x lO14 neutrons/'sq cm 
(cpithermal).   and 5 x 10^ neutrons, sq cm thermal. 
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Infrared spectra were obtained on these sample:: in an attempt 
t > find differen« es in i  mstituents resulting from different radiations 
and radiati >n  mvironments.    The resulting absorption traces were all 
pra< tnall'. identii ai.    This showed that no change in composition, 
• •,!•;,«ura   le ■>> uns technique,  had oc< urreii in any of the samples     The 
sample irradiated at 8. 1    x 10' ergs, g C, however, did show slignt 
additional adsorption at   13   1 A<      This was interpreted as the presence of 
peroxide      Accordingly,   peroxide numbers were obtained by titration on 
all samples      These are  given in Table XC together with additional peroxide 
numbers on all samples of irradiated J-1118. 

The data from the first five gamma irradiations and the SFIT-2 
irradiation indicated a good relationship between peroxide number and thermal 
Stability:    the higher tne peroxide number,   the lower the stability      Data obtained 
from  subsequent samples,   however,   did not confirm this relationship.     Figure 40 
shows peroxide  numbers plotted against filter merit ratings for   J-1118. 
Also shown is a scale giving the approximate parts per million of oxygen 
content as peroxide.     Figure 41  shows filter merit ratings plotted as a 
function of gamma dosage for all the samples of J-1118.     The following 
or>ser vat ions were derived from this work 

a. Gamma  irradiations performed either statically at the MTR 
or by loop circulation In the cobalt-60 source were about, 
equivalent  in effect on  thermal  stability (dosage 8. 7 x 10 
ergs/g (') 

b. Reactor radiation (in NARF) at the same equivalent dosage 
was more damaging than pure gamma radiation to thermal 
stability 

c Helium scrubbing ">f the1 fuel during gamma irradiation did not 
consistently Improve thermal stability. 

ci. Introduction of excess air into the fuel during irradiation 
dici not increase filter plugging or increase peroxide number. 

e. The effect of gamma radiation on thermal stability appeared 
transitory in a sample irradiated to a dosage   ::>f 8. 7  x lib' 
ergs, g C.    The firs* coker test made 24 hours after exposure 
gave a 32 FMR,   a second test of the same sample five months 
later gave a 69 FMR.     No aging effect was observed with, the 
unirradiated material. 

f. The effect of radiation in this rang,  on preheater tube deposits 
was not well defined      Differences were noted,  but no pattern 
was apparent. 

It was suggested that iron contamination was primarily 
responsible for the loss  In thermal Stability of the SPIT-2 samples.    An 
iron analysis showed 0. 2 ppm of iron present in the sample.    There is 
no information available on the effect of iron in either soluble or suspended 
form   on thermal Stability.     This quantity of iron in a fuel of this type after 
undergoing considerable nandling and storage does not appear unusual. 
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1. 5   Status 

\\ was found that both gamma and reactor irradiation can be 
:..!i,;i  ill-- to je! fuel therma] stability at dosage levels too Low to «.ause 

i   »til eable i banges in other fuej properties.    It appear» that different fuels 
may have different critical dosages in this regard.    No information was 
obtained which explained the reduced thermal stability.    At this time,   it 
appears that combined reactor radiation is more damaging to thermal 
Stability than gamma irradiation at the same dosage level.    The part played 
b)  oxygen In reducing thermal stability of irradiated fuels is not yet 
understood,   but it appears important. 

The i hange in fuel characteristics at higher dosages of 
87 x  10° to 87 x 1(>' ergs   g C is now well defined.    Viscosity increase 
appear.-, to be the limiting property in this radiation range,   while thermal 
Stability will generally be as good as or better than that of umrradiated 
fuel.    Initial fuel composition and crude source do not appear to influence 
the magnitude Of 'mange in physical properties brought about by irradiation. 

i. 6   Conclusions 

a. Gamma irradiation in the dosage range of 8. ? x 10° to 
8, 1 x 10    ergs   g C   reduces fuel thermal stability 

b, Reactor irradiation reduces thermal stability more than 
equivalent  gamma dosage. 

c. At high gamma dosages (above about 40 x 10° ergs/g C),   fuel 
thermal stability is usually unchanged or improved. 

ii. Viscosity increase La the major probier1 at higher radiation 
d »sages. 

e. Peroxidation may be important in thermal instability resulting 
from Irradiation. 

i . 7   Recommendations 

This program showed that work is needed in the following areas 
to overcome the problems of jet fuel radiolysis: 

a. The mechanism of the changes in thermal stability brought 
ab )Ut by i r radiation 

b The influence of hydrocarbon type on thermal stability changes 
caused by irradiation. 

( . The per for man« e of additives in protecting fuels from loss in 
therma! stability on irradiation. 

d. The effect of reactor irradiation. 

e. The effect of tune between exposure and testing for thermal 
stability. 
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A  P P E N D I X     I 

TEST METHODS (S    R    CAUSH) 

This section describes the test methods used to evaluate 
ihe physical and chemical properties and the performance of materials 
Studied under this contract      Whenever applicable,   method« described in 
either the Federal Test Method Standard No.   791,  dated December 1 »,   1 
or the ASTM standards for Petroleum Products and Lubricants,  dated 
November 1956,  were used.    Snort descriptions of tne "Special Tests 
employed follow the tabulation of methods. 

I      Apphcable Tegts 

A      Greases 

Test 

Dropping Point 

ASTM Worked Penetration 

Nor-:; a Hoffman Born!) 
Copper Corrosion 

Oxidation 

Dirt Content 

Bearing Performance 

Work Stability 

Evaporation 

Apparent Viscosity 

Low Temperature Torque 

Navy Gear Wear Test 

B.    Hydraulic Fluids 

Method 

ASTM D 56 

ASTM I) 21 

FSM No. 333 l 

ASTM D 542-51 

FSM No 3( 05   1 

FSM No. ?, 31. 1 

FSM No. 3 13. 1 

ASTM I) 972-51 T 

ASTM D 1092-55 

Special Test 

FSM No.   33 i-T 

. >;■> 

Test 

Viscosity 

Pour Point 
Flash Point 

Spontaneous Ignition Temperature 

Hulk Modulus (Adiabatic) 

Method 

ASTM I) 445-53T 

ASTM D 97-47 

ASTM D 92-52 

Special Test 

Special Test 
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Test Method 

Shear   -   Sonic Oscillator Special Test 

Hydraulic Pump Special Test 

Foaming FSM No    3212 

Thermal Decomposition Special Test 

Gassing During Irradiation Special Test 

Density ASTM D 941 -49 

Acid N ). ASTM D 664-54 

Vapor  Pressure Special Test 

Oxidation-Corrosion 

347° F FSM No.   5308. 4 

4008 F FSM No.   5303. 4 

500° F Soecial Test 

Hydrolytic Stability Special Test 

C.    Engine Oils 

Test Method 

Viscosity ASTM D 445-53T 

Pour Point ASTM D 97-47 

Hash Point ASTM D 92-52 

Spontaneous Ignition Temperature Special Test 

Foaming ASTM D 892 -46T 

Evaporation ASTM D 972-51 T 

SOI) Lead Corrosion Special Test 

Shell Four-Ball Wear Special Test 

Ryder dear Test Special Test 

Panel Coking Special Test 

Oxidation-Corrosion 

347° F FSM No.   5303. 4 

400° F FSM No.   5308. 4 

5008 F Special Test 

Mean Hertz Load(Screening Test) Special Test 

WADC Deposition Test Special Test 

VVADC TR 56-646 Pt II 212 



II. 

D     Gear Oils 

Test 

Vis c o si t y 

Flash Point 

Pour Point 

Acid No. 

Oxidation-Corrosion 

Loan Carrying Ability 

Ryder Gear Test 

Mean Hertz Load 

K    Fuels 

Test 

Distillation 

Gravity, ° A i'l 

Existent Gun; 

Reid Vapor   Pressure 

Thermal Value 

Viscosity 

Aromatics 

Olefins 

Flash Point 

Thermal Stability (CFR Coker) 

Filter Residue 

»pecial Te gtg 

.\.    Greases 

Method 

ASTM D 445-53T 

ASTM D 92-52 

ASTM D 97-47 

ASTM D 664-54 

FSM No.   .i J08, 4 

Special Test 

FSM No.   6503 
(Also Special Test) 

Method 

FSM No.   L001 . 8 

FSM No.   401   4 

FSM No.   3302, 4 

FSM No.   1201   4 

FSM No.   25C 

FSM No.   305    ' 

FSM No.   3701 

FSM No.   3701 

FSM No.   I 102. 7 

Special Test 

Special  Test 

! .     Low Temperature Torque -  This method is described in 
Section 4.3. 3 oFMihtary Specification  M2L-G-3278A for Grease,   Air« raft, 
and Instrument,  dated March 23,   1956. 

B,    Hvdraulic Fluids 

1.    Spontaneous Ignition Ten peraiure  - A controlled temperature 
vertical  muffle furnace is used.    A-itain 1 ess steel plate i<- heated Irs  10*F   steps 
in the furnace.    C:.«.  drop of the test fluid is dropped ont > the plate  through ar, 
opening in tne door at each sti p.      The temperature at which the fluid first 
flashes is the spontaneous ignition temperature      The furnace is air purged 
between each 1 0* F ,   and the flash temperature is  rechecked as temperature is 
decreased. 
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2.     Hulk Modulus {Adiahatu )  - In an appropriately instrumented 
apparatus, the velocity oT a 5ÖÖ kc/sec ultrasonic wave through the test 
Liquid is  measured at atmospheric pressure and  78*F.     The adiabatic bulk 
modulus  is the pr »duel  'if the density of the liquid times  the  square of the 
velocity 

3 Shear - Sonic Oscillator - About 50 ml of the test fluid is 
exposed to L   Raytheon lö-kc some oscillator.     The change in viscosity is 
the test criterion.    Test duration can be varied as desired,   usually 0. 5 to 
1 hours.     In the past,   fair to good correlation was established with shear 
breakdown experienced in the testing   A fluids in aircraft piston pumps. 

2 
4 Hvdrauhc Pump Test     - A simple hydraulic circuit was used 

to  evaluate fluids for shear and for wear.     Mounts are provided for a 15 
horsepower electric driving motor to accommodate piston pumps of either 
Vitkers  PF-3911   or New York Airbrake 66WA30U type.     From the pump 
discharge,  fluid flowed through an orifice, a pressure relief valve,   heat 
exchanger,   sump,   and filter and back to the pump inlet.     The Model 66WA30U 
pumps are run at constant delivery with the bypasses blocked with a socket 
screw.    Tests are generally for 150 hours at  160° F,   followed by 100 hours 
at   ?75°F.     Parts are inspected and weighed at the start,   at  15t1 hours,  and at 
250 hours,    Interim inspections are made if anything unusual occurs. 

5. Thermal Decomposition - Ten milhhters of test fluid is 
placed in a Type 410 stainless steel capsule    under a helium atmosphere. 
The capsule is welded shut and heated for a specified period in a muffle 
furnace set at the desired temperature.    Gas evolution is determined bv 
venting the gas to a vacuum flask*3 at the conclusion of the test.    The effect 
upon fluid viscosity is also determined. 

6, Gassing During Irradiation -  Ten milliliter samples of test 
fluid are sealedlnto a Type 410 slainless steel** capsule under helium.    The 
capsule is subjected to the desired radiation dosage and then verted to a 
vacuum flask3 for determination of evolved gas. 

^■    Vapor Pressure - This method uses a vacuum-jacketed 
boiling point apparatus in which the pressure of an inert atmosphere is 
varied by means of a slow leak.    The vapor pressure of the boiling fluid 
is  the pressure of the inert atmosphere.     Provision is made to measure 
the pressure by way of a direct connection to the boiling chamber.    An oil 
manometer is used for measuring vapor pressures in the range of 0. 1-15 
mm mercury,  while a mercury manometer is used for higher pressures. 
The apparatus may be used over the temperature range from 70-550°F. 

1 

8 

Unpublished work,   California Research Corporation. 

Effects of Radiation on Aircraft Lubricants and Fuels,     (California 
Research 1056 Summary Report on Contract AF 33(616)-3 184) WADC 
Technical Report 56-646,  p.   110. 

N.   P.  ShielU.   R.  O.   Bolt, and J.  G. Carroll,     Safe Containers Hold 
Organics for Irradiations,'   Nucleonics 14,   No.   8,   54 (1956). 
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8, Oxidation-Corrosion at 500T -   This test is conducted In an 
apparatus designed* fo ölie^TourTR s< Hi flie Federal Standard Method 
NTo, 5308. 5.    A temperature controlled aluminum block la used for heating 
purposes.   Glassware is designed for 25 ml (one-fourth scale) of test fluid. 
ivietai specimens are in the form of washer.- whi< h fit about the air bubbling 
tufce and are s« parated by glass collars.    An air flow rate of 1.25 liters/hour 
is   maintained.    Various metal specimens can be used, and standard 
insjpe« tions are run on the residues. 

9, Hydrolytic Stability - Ten miliiliters of test fluid,  U.6 ml 
of  water,  and a weighed piece of polished copper are placed in a ?,i-ml 
Parr*  peroxide bomb.    The bomb and contents are weighed before arid after 
te»t to determine leakage.      The bomb is rotated at 5 rpm in a 400° F oven 
In   the  "coke bottle" rig of Specification MIL-H-8446A  for 20 hours.    The 
fluid is tested for viscosity, neutralization number, and Insolubles.    Weight 
loss of the copper strip is also determined. 

C.      Kngine OÜg 

1. Spontaneous Ignition Temperature  - See section on 
hydraulic fluids,   page 213. 

2. SOD Lead Corrosion -   This method is described in 
Section 4. 5. 13 of Military Specification MTIL-L-7 808C for Lubricating Oil, 
Aircraft,  Turbine Engine,  Synthetic Base, dated November 2,   L955. 

3. Shell Four-Ball Wear - The average scar diameters    from runs 
at   4,   10,   and 40-kg jaw load on the Shell Four-Ball Wear Tester are used to 
uidx ate the antiwear properties oi engine and hydraulic oils.    In this raachin« , 
4- 1/2  inch balls of 52100 steel are mounted in a tetrahedral arrangement.    The 
loafer three are loaded against the upper ball which rotates at a preset speed. 
After  .t specified time,   wear spots on the lower three Palis are measured with 
th t aid of a Filar eyepiece on a microscope. 

4. Ryder Gear Test - This method is    described in Section 4.5.7 of 
Military Spe« ificaHon MIL-L-7S08C. 

...    Panel Cokmg - This method is described in Section 4. 5. 10 and 
reiferem e Literature of Military Specification MIL-L-7B08C. 

6.    Oxidation-Corrosion at  500° F - See Item 8 above, 

I 'ur Instrument Company,   Moline,   Illinois. 

'Average of diameter perpendicular to and parallel to the direction of 
rotation. 
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7.     Mean Hertz Load (Screening Test) -  The procedure-,   equipment 
and te< hniques are identical Eo triose described in Federal Standard Method 
No.   6 i03,     Suffii tent  i »ads are used to determine the load in kg required to 
give a  !   0 mm scar     This value is related to the Mean Hertz Load obtained 
from a full - s < ale test as  gh )wn in Figure 42, this curve was obtained from 
many runs over a long period     Correlation with the full- scale test is 
sufficiently accurate fir' icreening test work' 

T he pa n 
scr V 1 (■ ( 

et  e 
res erv< 
cok Ing 
ten per 
A  v alue 
! he ■A e t 

1). ■p IS 

B      WAJ[^(^ I>«\p-).si£l on Test  -  This method  Is a later development of 
el coking test      The latter has a questionable correlation with engine 

It is designed to evaluate the deposit and sludge-forming tendencies 
ngine oil.-,     The oil system is composed of a    chicken-feeder    type 
>ir,   a pump,  a 200-mesh screen filter,   an oil cooler,  and a Pyrex 
furnace in which is immersed a heater tube.    The system oil 
ature Ls maintained at 300*F "oil-in,    and the heater tube at 590°F. 
! of ten times the weight of coke formed on the heater tube added to 
ght   >! sludge on the filter- sc reen yields a number known as the 
it Rating . this is the criterion of excellence 

This  method is des« ribed  Ul detail in a Southwest Research 
stitute Report Ho    AVI) 224-18,  dated March 12,   1957,  covering 

Project No.   6-U-3044) under- WADC Contract A F 33(6lG)-3529. 

I)     Gear Oils 

1 ■    Ryder Gear Teat -  This method is described in Section 4. 5.7 of 
Military Spei Lfication MIL-L-7808C« 

E.    Fuels 
9    ■} 

1 .    Thermal Stability Test (CFR Coker)    '     - This device is proposed 
by the CFR- AFTT Fuel Thermal Stability Group for testing the thermal 
Stability of jet fueb-v     In the test,   the fuel is preheated to a desired 
temperature (e   g   ,   400*F),  and then [lumped through a filter (maintained 
at a selected temperature (e. g  .   500#F) at a given rate (e. g. ,   6 pounds 
pvr hour')      The criterion of the test  is the degree of filter plugging by 
the flue.    Filter plugging is manifested by a pressure drop across the filter- 
Test conditions are typically written 400   500   6 ,   indicating the fuel 
temperature in ®F, the filter- temperature in °F, and the flow rate in 
pounds p^'v h )u r 

:> 

Unpublished v« irk,  California Research Corporation. 

A Survey of the  Radiation Stability of Jet Fuels," (California Research 
AFC Report No    9,   Contract AT( 11 -1)-174) TID 5366,   June 30,   1956 
(SECRET - RESTRICTED DATA) 

Instructions I'^r Operati in and Maintenance oi CFR Feed Coker, 
Coordinating Research Council Manual No   3,  March l 157 
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1 

2.     Filter Residue  Test'   - The fuel sample is filtered through 
a tared Gooch crucible, 
a luitable solvent.   Th-? 
filtered through the Goo< 
and weighed.     The filter 
n-.g per 5O0 ml. 

Material adhering to the test unit  is dissolved in 
gums are precipitated,   and the  mixture is also 
h crui lhle.    Tne crucible is washed,   dried,   cooled, 
residue,   corrected for adsorption,   is < ah ulated as 

"Effects of Radiation on Aircraft Lubricants and Fuels,     (California 
Research 1956 Summary Report on Contract AF 3 1( 61 6)-3 1 84) WADC 
Technical Report 56-6 46,  p.   178. 
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APPENDIX     II 

SYNTHESIS OF  DIARYLALKANES (A.   (.    K II LINO 

Example - Synthesis of Phenyl n-Nonylphenyiis ode cane 

A .    Preparation of the Diphenyl Diket me 

Nine hundred nine grams (4. 5 moles) Lsosebacicv  acid,   I, 
liters  benzene,  and about 415 grams (3 moles) phosphorus trichlori< 
wert* stirred and warmed to 120* F in a large flask.    Stirring was 
continued  for 30  minutes and the mixture allowed to cool and settle. 
The benzene solution of isosebacic acid chloride was decanted from 
n't hophosphorus acid into a large separatory funnel.    The acid 
chloride solution was added over a period of three hours to a stirrec 
mixture of 3 liters benzene and 1.2  kilograms (9 moles) anhydrous 
aiu minum chloride contained in an enamel pail.    The mix was stirre 
ca.   16 1°F for two more hours before pouring onto a mix   >f Ice and 
hydrochloric acid.    The benzene solution was washed with dilute 
hydrochloric acid and with water.    After solvent removal,   the diket< 
was distilled through a 6-inch Vigreaux column, collecting the frac! 
boiling at  390-441°F at 0.4 millimeters 

the 

d at 

i ne 
ion 

B.    Reduction of Diketone to Dinhenvhsodecane 
 . , , . . £ k  ,  

A mixture of 1.025 kilograms (3,18 moles) diketone,   1600 
milliliter triethylene glycol,   340 grams (10 moles) 95% hydrazine, and 
It)1    grams (2,85 moles) potassium hydroxide was stir-red and heated at 
20O°F  in a 5-liter monel flask for one hour.    The temperature was 
siowiv raised to 274® F at which temperature much foaming ami evoluti >n 
of £ias   occurred.     Water was collected in a Stark and Dean trap      The 
stirring and heating was continued at 274*' V for about two hours.    The 
temperature was gradually raised to 420°F and the mix stirred for- 12 
hours.    After cooling,  water- and benzene were added.    The aqueous Layer 
was discarded.    The benzene solution was water washed,   dried,   filtered, 
and the solvent was then removed.    The diphenylisodecane was distilled 
through a 6-inch Vigreaux column,  and the fraction boiling 33O-370*F 
at 0.15 mm was < ol lee ted. 

C.    Acylation and Reduction to Obtain the n-Nonyl Alky] Grou P 

One and jne-half moles of diphenylisodecane was a< ylated with 
0.5 mole pelargony] chloride as in Step A, and the excess diphenyl 
iso>de< anc was rem >ved by distillation     The ketone was reduced as In Step B 
using 2 moles hydrazine hydrate :>w mole ketone and the product distilled. 

11 . S    Industrial Che 

A 

.r als Co. 

pproxlmate |  ?2-80% 2-ethyl suberic acid 
12 -18% 2   i-diethj 1 adipli   a< Id imoosition /       .   „. t 6-11 % seba< i<   acid 
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in some syntheies,  n-heptane was useo as an Inert diluent to 
fa« lira'-' mixing in Step A.    The temperature o: deviation (120-170° F) was 
not ' riticai,    In the Wolff-Kischner reduction,  hydrazine hydrate could be 
substituted for 95+% hydrazine.   Also,   the amount of alkali was variea without 
idvi rse . ffect,    The temperature at which rapid hydrazone decomposition 

o<    urn ■   van- <   with   h-i  parti« ular compound toeing reduced. 

Several attempts were made to introduce a 2-ethylhexyl group into 
an aromatic nucleus by acylation with 2-ethylhexoyl chloride.   Reduction of 
the ketone by the Wolff-Kischner method failed.    The unsuccessfully 
rc.u« ed ketones were: 

„ .       0 Ü 
A /—A   n 

C2 C2 

ind   n-Cg* X 
0 
it 

■c-c-c 

Recovery oi the unchanged ketones was surprising in view of the similarity 
between these structures and the diketone precursor of diphenylisodecane. 

Two attempts to prepare diarylalkanes by reacting terminal- 
dihaloalkanej   with alkyibenzenes in the presence of aluminum chloride 
were unsuccessful,    Similarly,   two attempts to prepare the following 

Larylalkpnes from oleic acid and undecvlenie acid failed: 

/ •C-Cg 

C8 
\     / 

and L v 'C-Cg<N 

c 

Arylation of the double bond followed by conversion to the acid chloride, 
cylation of benzene,   and reduction of ketone were to be followed.     The 

synthesis of these compounds was not pursued in view of the unpromising 
initial results. 
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A P P E N D I X   II! 

SYNTHESIS OF 5 
ALKYL DIPHENYL ETHER (A 

00-POUND BATCH OF CiA.ig 
C.   ETTLJNG) 

A Pfaudler glass-lined kettle was charged with 895 pounds 
diphenyl ether,   9 pounds chloroform,   and 20 pounds anhydrous aluminum 

|I
""

M
'
;
-      

;; " temperature was kept at 130*F while charging.   Three 

pressure to remove excess diphenyl ether. 
was 467 pounds.    Samples of the bottoms product wire distilled in 
laboratory equipment.    Physical data are in Table VIII and yield data  in 
Table KCl. 

1 he olefin used for this batch contained a large amount of 
hexadeeeiu-,   unlike earlier samples used.     The viscosity index and pour 
point of the final product  wore,   therefore,   slightly higher than the 
values previously reported for laboratory samples as follows; 

Laboratory Sample    ; Appendix III Sample 

Viscosity Inde 

Pour Point 

1 
"Effects of Radiation on Aircraft Lubricants and Fuels, " (California 
Research lr'5G Summary Report on Contract AF 33(616)-3184) WADC 
Technical Report 56-646,  p. 21. 

See Tal ie VIII,  p. 11. 
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APPENDIX IV 

TEN-POUND PREPARATION OF  POLY- 
DODECYL DIPHENYL ETHER (D.   R.   WILGUS) 

Two simultaneous experiments were conducted using the 
foliowing procedure.    A 3-1/2 gallon enamel pail was charged with 2.2 kg 
(6  5 moles) mono-sec-dodecyl diphenyl ether (boiling range 358-412* F 
0.5 mm), 217 g (1. 6 moles) anhydrous aluminum chloride (Merck),  and 
6^ ml (0.8 mole) chloroform (Baker).    The mixture was stirred and 
heated to 140°F.    1 -Dodecene (Humphrey-Wilkinson),   2   733 kg (16  25 moles) 
was added from a dropping funnel at such a rate that a reaction temperature 
of 1 40-1 67° F could be maintained.    After completion of monomer addition 
(approximately three hours),  the reaction mixture was stirred at 140°F for 
an additional three hours.    A sufficient volume of benzene was then added 
to facilitate transfer and workup of the product.    Washings of the benzene 
solution were made with dilute hydrochloric acid, dilute sodium 
bicarbona'e, and water.    The solvent was removed under reduced 
pressure, and the product was topped to 590" F overhead and 642° F bottoms 
at about 1/2 mm pressure     The bottoms product,  57% of total,  was filtered 
through Celite.    Properties are summarized in Table VIII, 
Reference 5158-36. 
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A  P P E N I) I X    V 

SYNTHESIS OF BXS(TRIDECYL) SELENIDE (A.   C.   ETTLING) 

Using the following pr M edure    ab >u1 3 p >unda   >f 
bis(tride< .1) Belenide can be prepared per run      This is as large a ecale 
a:-  is convenient for working in a 12-liter flask (Experiment 5136-6) 

A      Preparation of Sodium Seienide (< art*    Selenium 
. >     M I  t  ' ./< am; Compounds Art- Toxic ) 

Selenium metal powder (410 g,  5  2 moles) was added with stirring 
to a hot solution of 2000 g (50 moles) of Bodiun  hydroxide dissolved in 
B liters of water in a   12   liter,   three  oe< k flask       The flask was heated by a 
steam-heated water bath.    The mixture was stirred for one hour at 167-KG" F 
to disperse the selenium,  and 950 g (6 moles) of "Kongaliu CX"  (Genera! 
Dyestuffs Corporati in trade nan e f >r HCHO  N'aHSOj- .'H ■()» was then added 
in Bmai) p irtions over a two-h tur period.    The flask was purged with pure 
nitrop.en during this time.    The temperature was maintained at 167-176*F 
during the "Rongaiite'   addition, arid stirring was continued for four hours 
at this temperature after the addition was completed.     The mixture was  then 
cooled slowly to room temperature,    (if cooling is rapid,  the sodium selemde 
precipitates as very fine < rystals whi< h are difficult to separate and wash. ) 
After standing for 12 t .> 18 hours,  the mother liquors were decanted.    The 
crystals were washed by decantati >n with about 3 liters of aba )lute alcohol. 
A nitrogen stream was maintained in the apparatus during these operations to 
avoid air oxidation of the sodiun   seienide. 

B.    Reaction  )f Oxo-Tridecyl Bromide and Sodium 
Seienide tc Give Bis(tridecyl) Seienide 

The flask contain, ig the sodium seienide, prepared as described, 
was fitted with a reflux condenser,  dropping funnel, and stirrer.    Absolute 
alcohol ('■  liters) was added,   the  mixture heated to reflux  temperature,   and 
21 f*6 g (8, 28 moles) of Oxo-tridecyl   bromide 1   added over a period of two 
hours.    To insure completion of the reaction,  the mixture was refluxed with 
stirring for four hours.    After cooling,  the liquid was decanted into a 
separator) funnel.    The inorganic  salts in the flask were washed with benzene 
several times,   with the benzene solutions being added to the material in the 
separator/ funnel.     Water was then added to the separators- funnel and the 
aqueous alcohol layer discarded.    The benzene solution of the crude product 
was  water washed,   dried over sodiun, Sulfate,   and filtered.     The  crude 
product was topped in a simple still to a bottoms temperature of 350*F at 
1  mm,   (Higher temperature causes decomposition.)   The bottoms product 
was  treated with Nor He    A     to improve its color.     Yield of product 
containing 16.9% 3elenlum was 1415 g,   77% of theoretical. 

1 From Enjaj Oxo-tridecyl alcohol h\ the method of Organic Syntheses,   Coil,  Vol. 
p.   246;    b. p,   2U.   230* F at 2 mm. 
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A   P P E N D I X    VI 

POLYMERIZATION OF ALPHA-METHYLSTYRENE (I).   R.  WILGUS) 

The apparatus used for homopolymerizati >n ~>f alpha-methylstyrene 
consisted of a 2-liter resin flask fitted with a i Dudens er, stirrer, and 
thermometer.    A Blurry   >f Dry Ice and acetone was en ployed as an external 
cooling medium.    A catalyst tube (100-300 ml) was pla< ed alongside the reactor 
and connected to it to inject catalyst solution under slight nitrogen pressure. 
Adequate circulation of coolant was maintained by a separate stirrer,    The 
general procedure for polymerization was as follows.   The monomer (Dow 
Chemical) and methyl chloride (Du Pont) were charged to the resin flask and cooled 
to the desired temperature.     Methyl chlorine < 1 <)(>- 3<><" ml) was also charged to 
the catalyst tube.     After cooling it  to the reaction temperature,   boron trifluoride 
(Matheson) was bubbled in at a moderate rate for a period of 20 minutes 
partially to saturate the solvent.    The preceded catalyst solution was then 
pressured through a small glass orifice to produce a spray on the rapidly 
agitated  reaction mixture.     The injection jet was placed about  i  Inch above 
the surface   d the mixture.    The feed rate of catalyst solution varied with the 
polymerization temperature.    After polymerization,  the reaction mixture Aas 
poured into precooleri methanol tu precipitate the polymer,    The recovered 
product was dissolved m benzene.    The solution was filtered, and the polymer 
was again precipitated with methanol Tht  recovered polvfa Iphs - meth\ letyrene) 
was then dried »-) constant weight in a vacuum oven at 212 F 

Polymerizations Involving the use of concentrated sulfuric acid 
were ^ inducted in a similar manner.    A microburette was sul stituted for 
the catalyst tube previously described, and the acid (General Chemical, 
95.5- (6. 5%) a* room temperature was added to the precooled mixture of 
m mt »mer and s >lvent 
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A P P E N D I X   VÜ 

ALKYLATION OF POLY(ALPHA-METHYLSTYRENE) (D.   R.   WILGl'S! 

A soluti »n of 10 g  >f polymer In 225 g of o-dichlorobenzene 
( Eastman  19+%) was c harged to a 1 -liter copper reaction vessel equipped 
writh an inlet tube at the top,   an outlet valve at the bottom, and a stainless 
Biteel Btirrer,    Fiftj ml of propylene tetramer (molecular weight 168 
b>y bromine number determination) was added and the mixture cooled to 4i°F in 
.in Ice bath.    Liquid hydrogen fluoride (General Chemical),   75 ml,  was added 
t o the rapidly agitated mixture, and stirring was continued for a period of   one 
t ) s l x hours. 

The polymer solution was separated from the hydrogen fluoride 
via the drain off   valve at the bottom of the reactor and poured into a 
c  old  caustic solution with good stirring to neutralize any residual catalyst. 
The   organic lave:-  was separated and water washed.    The alkylated polymer 
was  then precipitated with methanol and redissolved in benzene.    The benzene 
solution  was filtered and the polymer reprecipitated with  methanol.     This 
procedure was repeated.    The product was dried to constant weight in a 
vacuum  oven at 2 1 2° F . 
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A P P E MUX      VIII 

I' Ü EFAR A TIP N jOJ   ALKj I.I'HLNUWLIHYI. Ml-:Ti [A CRYLATE (D,  R.   W I_I.(111s ) 

A.    Qxyethylation oi Alkylphenol 

The alkylphenol was obtained locally at California Research and 
was prepared by alkylating phenol with an equimolar amount of propylene 
fcetraraer.    A 12-liter capacity,  high pressure irninco rocker bomb was 
c harg« ü with 1. 3 kg of the alkylphenol and 20 g sodium hydroxide.    A total of 
399 g ethylene oxide (Carbide and Carbon) was pressured into the vessel at 
su< h a rate that the reaction temperature could be maintained at 248-266* F« 
The pressure   of the system did no! exceed eight atmospheres.    The mixture 
was held at reaction temperature for f<>u: hours after all oxide had 
been added to insure complete reaction.    The produ* I was dis< harged from the 
vessel after suitable cooling, 

A solution of 400 g of product in 1 Liter of benzene was treated with 
hydrochloric acid to neutralize the causti« .    The soluti >n wa* dried bj 
azeotropic distillation and filtered through Celite.    Hydroxyl determination of 
an aliquot of the filtrate indicated slightly more than I mole of i thylene oxide 
per mole of alkylphenol. 

B     Reaction of Alkylphenoxyethanol With WethacrylyJ Chloride 

The monomer was prepared by dropwise addition ol 10% i xcess of 
theory methai rylyl chloride (Monomer-Polymer) to a stirred 40% benzene 
solution of th(  aikylphenoxyethanol containing a 10% exi ess of tri« thylamine 
(Eastma.n),    The temperature rose from room temperature to 1 J5*F.   Quinone 
inhibitor (Eastman), 0. 14% by weight (based on monomer),  was added after 
completion of the methacryly] chloride addition.    The mixture was maintained 
,i*   I35-140*F for five hours.    A small amount of methanol was then added, 
and heating was continued for another hour to insure complete reaction of the 
monomeri«  chloride,    Methyl methacrylate and excess methanol were removed 
by azeotropii   distillation under reduced pressure.    The solution waa filtered 
to remove th«   amine hydrochloride,    The filtrate was washed with 2% caustb 
solution and with water.    It was then i oncentrated to give approximately a 50% 
solution >f the alkylphenoxyethyl methacrylate.    Analysis by saponification  inn 
hydroxyl numbers indicated a monoraei purity of 83%, 
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A P P E N D l X     IX 

POLYMEB1ZA TION OF A LK V LPH ENOX Y ETH Y L 
METHACRYLATE (D.  R.   WILGUS) 

The following procedure was adopted for the .solution polymerization 
of alkylphenoxyethyl rnethacrylate     A 50( -ml three-neck flask fitted with a 
stirrer    thermometer, and reflux condenser was charged with a 5f,iro benzene 
solution containing l'1'1 g of monomer.    The s »lution was swept with nitrogen 
and the appropriate amount of CC,cC*~azodi-isobutyronitrile (Eastman) catalyst 
added.    The mixture was stirred and heated at reflux,   204*F,   under a 
nitrogen blanket for eight hours.    The polymer was precipitated twice from 
benzene with methanol.   It was redissolved in benzene and the solution 
filtered.    The solvent was stripped ©ff,  and the residual polymer was dried to 
constant  weight  in a vacuum oven at 212°F. 
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A P P E N I) 1 X 

ISOTHERMAL BULK MODULUS OF 
II VDKAl LIC FLUID-HYDROGEN MIXTURES* 

(R.   I,    PEELER AND H.  S.   YAFLEE 
CALIFORNIA RESEARCH CORPORA I ION, 

RICHMOND AND LA HABRA,  CALIFORNIA) 

Pressure   /o time -temperature measurements were 
made on three air< rafl hydraulic fluids,  both alone and with 
added hydrogen.    Apparatus in which mercury was the 
pressurizing medium was used     Pressures ranged from 
atmospherii to 5000 psi and gas-liquid ratios from 0 to 2 > 
Measurements were taken at Bl ° V with MIL-O-5606 fluid 
and at BO* F,  200*F,  and 30O*F with Oromte 8200 fluid and 
('   .       -alky] diphenvl ether 

Is »thermal bulk m tdulus was calculated for both the 
one- and two-phase regions.    Separation of even a small 
gaseous phase caused a large decrease in hulk modulus 
Hydrogen saturation pressures were determined from the 
inflection points of the pressure  volum ■ curves.    The 
solubility of hydrogen in the fluids is proportional to 
pressure and in, reases with increasing temperature. 

IM RODUCTION 

Bulk modulus is   >ne of the c ritual design parameters affe< ting 
the- performance of hydraulic servomechanisms.    On exposure of a hydrauli« 
system to nuclear radiation,  evolution of r;as by the hydraulic fluid is one of 
the major problems.    The low bulk modulus of gas compared to the hydraulic 
fluid may cause the system to I ecome unstable or otherwise adversely affei t 
performance.   The object of this investigation was to determine the 
relationship between  the amount  of gas  present and the hulk  modulus   of the 
gas-hydraulic fluid system 

A study >f the effect of entrained air on isothermal compressibility 
of AN-O-366 fluid at 68*F was made l>> Campbell'.    Calculated and measured 
compressibilities were found to be in good agreement.    Wood   had calculated 
the bulk modulus of a mixture of two fluid phases in the region well below the 
resonant frequency to he 

B 
B, B, 

rr-30 fir; * 3tB„ 

where B -  hulk modulus of mixture 
B. ,  B«    =  bulk modulus of the two i omponenta 

X"   volume fraction of first c omponent. 

* Paper presented at the Se< ond WS 125A Symposium on Radiation Effei ts, 
Columbus, Ohio, October 23    1957. 

Numbers refer to bibliograph) al end of paper 
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This expression has been found to be highly at-curate for sonic 
velocity measurements in a Liquid-liquid emulsion ' and to be within the 
rather targe experimental error for atr bubl les dispersed in water  . 
Tangren,  et al , have studied flow of air-water   Mixtures through a de Laval 
[i »zzle     Equations of state and motion were derived assuming negligible 
compressibility of the water phase and were ( ompared with experimental 
r» -sul tS. 

l't")!iai;;i11 -n of pressure impulses through a gas-liquid mixture 
tia.8 been jhown I ) be dependent  m both the degree of dispersion of the two 
phases and the frequency of the input signal     A dispersion  of gas bubbles 
in   liquid  was calculated by   Mmnaert'1 t') have a characteristic  resonant 
tr equtjn« v given approximately by the expression 

3-/P       1   2 

?r!T   (—a~ ' 
l 

v\ here I    ~   f<-.-, mant frequent y o 
K radius  □ f bubble 

y   z   ratio of specific heat at constant pressure to specific 
heat at constant volume 

P    -   static pressure   >f bubble 

d ■  (lens it) of Li qui d 

Meyer arid Tan n  '  measured these resonant frequencies   for several 
gas-liquid < ombinati >ns,  while Meyer and Skudrzyk« derived equations for the 
complex compressibility of the resonant region.    Fox, et alj,   have confirmed 
these equations o\  measuring phase velocity through an air-water mixture over a 
wide frequency range.     Fortunately,   the resonant frequencies for expected 
conditions are above those usually encountered in hydraulic  systems.     Therefore, 
compressibilit)  measured under static conditions,  even in the presence of gas, 
is  applicable to almost all hydraulic system calculations. 

IDENTIFICATION OF RADIOLYSIS GASES 

Three hydraulic   fluids,   MIL-0-5606 fluid,  Oromte Hi ;h Temperature 
Hydraulic Fluid B2( 0,  and C'       ...-alkyi diphenyl ether,   were selected for 
use in this Lnvestigati >n.     These are typical of petroleum,   silicate ester, 
and alkyl ar >mati<   fluids,   respectively.    Tie last material is representative 
if a promising class of radiati >n resistant,  high-temperature base stocks. 

To determine the nature of the volatile radiolysis products,   t0-m3 
samples were irradiated m the  Materials Testing Reactor gamma facility at 
Ato   .   Idaho.    The samples were contained under a helium atmosphere in 
Type  4Li   stainless steel capsules     Following irradiation,   cases were Med 
off t ' a final pressure Less tp.au atmospheric and analysed by mass snectrograph. 
Results ace shown in Table XCH     Hydragen is by far the most prominent 
produ< t.    Therefore,  in the hulk modulus work.    >nly hydi   gen was added to the 
hydrauii<   fluids to simplify 'he1 procedure. 
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Table XCI1 

Composition of Radiolysis Gag From Hydraulic Fluids 

DOB age, .r 
Temperature of Irradiation, 
:i l Gas Evolved ml Fluid al 

STP 

MIL  O-560 
Fluid 

3. 4 x n 
SO 

13. 4 

H 

: 4 
8200 Fluid 

3 C , lCfl 

BO 

12  2 

Alkyl Diphenyl 
K'r.   r__ 

B 
4 x 
401 

3   2 

Composition of Gas, 
Hydrogen 
Methane 
Ethane 
Ethylene 
Propane 
Prop) tene 
Butanes 
Butenea 
Pentanes 
Pentenes 
Ca i bon Monoxide 
Carl in Dioxide 
Other 

Mole % 
91 

0. 1 

I . 1 
0.1 

3 7 
I . 3 
3   0 

B3   6 
2. 8 
4. 0 

0. .) 

i      . 

B   3 
0. 3 

l ; 
: 

I 6 
. 4 
0. 2 
G   2 

0   ! 

DESCRIPTION OF APPARATUS 

Pressure-volume-temperature measurements were made in the 
apparatus described by Standing*.    This equipment,  sh >wn diagram maticall> 
in Figure  43, consists  of  a pressure cell equipped with an induction stirrer 
where equilibrium can be obtained between gas and liquid phases   a controlled 
temperature oven, a pressurizing system for injecting men ury into the < ell, 
a traveling rod carrying an electrical contact to determine the location of the 
mercury-fluid interface,  and appropriate gages,  connections,  etc     After the 
fluids were degassed by vacuum evai uation,   mercury was pun ped in 'Linder' 
pressure,   the location of the fluid-mercury interface being measured by 
position of the traveling rod. 

ne 
Where the 1 ulk modulus of gas  liquid mixtures was to be measured, 

taximun   hydrogen-fluid ratio was introduced into the cell and pressure 
lume n easurements made    after stirring at each pressure to establish 

Measured quant:'.es of hydrogen were  removed in a Stepwise e luilil >riu n 
manner to obtain lower ratios.    Because of the relatively high volatility 
Of   MIL 0-5606 fluid,   removal of hydrogen at  21II ° F and 300*F would have 
resulted in loss of fluid,  vitiating subsequent volume measurements.    Therefore 
measurements were not made of Pulk modulus of MUL-O-5606 fluid-hydrogen 
m ix tu res ar these two temperatures. 
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In the first series of measurements, that of 8200 fluid at B0-F, 
the positions of the traveling rod were calibrated using the average of two 
previously reported values for the isothermal hulk modulus of gas-free 
821 <   fluid      The average value was within 3% of the individual values which were 
(1)   P-V-T data from. Boeing Airplane Company1     and (2) values calculated from 
the adiabatic bulk modulus obtained from ultrasonic velocity measurements**. 
For all other runs, a subsequent calibration based on measurements at 80*F 
on  degassed,   distilled water compared with the known bulk modulus of water' 
wa s used. 

EXPERIMENTAL RESULTS 

Pressure-volume measurements were made on MXL-O-5606 
fluid,   Oronite B2O0 fluid,   and C   ,        -alkyl diphenyl ether at 80°F,  200°F, 
300° F,  and on mixtures of hydrogen with 82('0 fluid and C. ,   .  .-alkyl diphenyl 
ether at 80°F,  200*F, and 300'F and with MIL-O-5606 fluicf at'80° F     The 
pressure range covered was from atmospheric to 5000 psi.  and the hydrogen- 
fluid ratio,   from about 2 to 25,   was arbitrarily chosen to cover a wide range 
of conditions      Typical pressure-volume data for 8200 fluid at 200°F are 
showr   in Figure 44      The gas-liquid ratio is defined as the volume of hydrogen 
corrected to 0* C and  780 mm divided by the volume of the fluid at the test 
temperature and atmospheric pressure.      The bubble point of the hydrogen-fluid 
system can be easily determined from the point of inflection of the pressure- 
volume curve. 

Isothermal bulk modulus,   defined as 

BT=   -v(||)T 

where  B— ■   isothermal bulk modulus 

v =  volume 

p ■  pressure, 

was determined by measuring graphically the slope of the smoothed pressure- 
volume curves and substituting in this equation.    Results are given for 8200 
fluid m Figures 45,  4*1,   47,  for C.        -alkyl diphenyl ether in Figures 48, 
49,   and 50, and for MIL-O-5606 fluidin Figure 51.    The data can be summarised 
as  follows: 

1      Separation of a gaseous phase causes a very large reduction in 
bulK modulus even at pressures only slightly below the saturation pressure. 
Thus,   in Figure 45,  at a 5.6 gas. liquid ratio,  the bulk modulus drops abruptly 
from 183j 000 psi to 20,000 psi when the pressure is decreased through 
1 )2 5 psia . 

2. Dissolved gas decreases bulk modulus as the quantity of gas 
increases This effect is small con,pared to the reduction caused by the 
present e of a  gas phase 
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3.    Over the* temperatura range measured,  the degassed fluids in 
order of decreasing isothermal bulk modulus are.    C   ,   , ,- alkyl diphenvl 
ether.   MIL-O-5606 fluid, and 8200 fluid.    Earlier adtfbfific   bulk modulus 
measurements'     have also shown 8200 fluid to be more compressible than 
MIL-O-5606 fluid at 80-300°F but to be less compressible at temperatures 
above 400° F, 

Saturation pressures for each hydrogen hydraulii fluid ratio were 
Jetermined from the bends in the pressurei- volume    urves      The data are 
plotted in Figure  52.     The soluoihty of hydrogen is directl)   prop   rtional 
to pressure,   within experimental error,   showing conformity to Henry's  law. 
The solubility of hydr 'gen Increases   in  820ü fluid and C ,-aikyl diphenvl 
ether as the tempera' .re increases.    This result is in agreement with the 
known behavior of hydrogen in lubricating oils*^ and organic solvents'"*.    The 
Bunsen solubility coefficients (volume of gas corrected to I °C and 760 mm 
for each volume of liquid at the test temperature under a  760 ram partial 
pressure of gas) have been calculated and are listed in Table XCTII and  plotted 
in  Figure  53.     The  order of decreasing solvency for hydrogen is:    3200  fluid, 
MIL-O-Ö606 fluid,  C. .   f. -alky] diphenvl ether. 

1 4 - 1 t) 

Table XCTII 

Bunsen Solubility Coefficient 0<   for Hydrogen 
Dissolved in Hydraulic Fluids 

, .—. ■ '-■   -1 

Fluid 

Solubility Coefficient, 
Vol Gas*   Vol Liquid   Atm at 

80*F                    200s F 300° F 

8200 Fluid 0. 068 0. 077 

C, ,   , c -Alkvl Diphenvl 14-1"           '        pi, Lther 
0. 041 n. 051 0. 063 

MIL-O   5606 Fluid 

,    .                                —— 

0. 049 

, ■--, i. ..—.—,———— 

* Corrected to 0° C and 760 mm 

CONCLUSIONS 

Hydrogen,   the principal radiolysis product of three representative 
hydraulic fluids,   causes a large reduction in bulk modulus if present in 
sufficient quantity to form a separate gaseous phase.     Dissolved hydrogen 
causes only a small reduction in bulk modulus.    Therefore,   it is highly 
desirable tc  keep the lowest pressure   in the operating portion of the hydraulic 
system above the saturation pressure of the quantity of hydrogen expected 
to be evolved.    Increasing the temperature of the hydraulic fiuid and,  thus, 
increasing the solubility of hydrogen (within the range covered in this work) 
is one means of reducing the minimum  pressure allowable.     For prolonged 
operation or use in strong radiation fields,   bleeding of dissolved hydiogen 
from the system appears essential 
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The Cjx   jg-alkyl diphenyl ether has a much lower pas evolution 
rate and higher inmalDulk modulus than the 8200 or- MIL-O-5606 fluids, 
and this more 'nan i ompensatea for a slightly lower- solubility for 
hydrogen in the ether.    The use of alky! aromatic hydraulii   fluids,  BU< h as 
one based on C, ,   .»-alky! diphenyl ether, offers an opportunity f < • r- 
substaniially extlmafng the radiation dosage which the hydraulic system 
Can  tolerate before bulk  modulus  drop limits system performance. 
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A P P E N D 1 X      XI 

CALCULATION OF BULK MODULUS 
(R.   L    PEELER) 

Because of the importance of the two-phase regicn in    limiting 
hydraulic system performance,  a comparison of calculated and measured 
hulk modulus was desirable.    Equations for isothermal compressibility in 
ihe two-phase region were derived using the following nomenclature 

B 
B 

1 
P 

s 
V 

V 

a 

Z 

isothermal bulk modulus of system 
isothermal bulk modulus of liquid phase 

pressure of system 
atmospheric pressure 

saturation pressure for complete solution of gas in liquid 

total volume of both phases 
volume of gas phase 

volume of liquid phase 

volume of total gas (including dissolved gas) in system 
corrected to atmospheric pressure 
compressibility factor for hydrogen at pressure P 

At constant temperature in the two-phase region,  assuming gas 
solubility proportional to pressure, 

V     *   V    (1 g a P/P) 
P    Z 

a 

=   V. + V 
1 g 

7V 
^vi 

V  P z a   a 
" ' ZT 

v p 
a   a o> Z 

TV 

Comparison of the second and third terms,  at pressures and 
temperatures covered in the experimental work,   indicates that the third 
term will always be less than 2% of the second.    Therefore,   to simplify 
computations the third term will be neglected. 

1 
V 

V   P z . a   a     ) 

T"Z~ 
V, -»-V  (1 1 a 

s 

(<?P 

V  P z * a   a     ' 
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1 _______ (1   ?vl 
P.  VZZ    (V.   ^v  y  

1 ♦    a   (1  - ^— ) 
V[ Ps P 

V P z , a   a     ) 
T^~   ) 
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At P lim ->   P  ,   this reduces to, r      B' 
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B 

7TZ    V P Z" 1 + B,      a   a 
1   V7T^ 

1    s 

Calculations were made for the two-phase region of 8200 fluid- 
hydrogen mixtures at 2Q0*F.    The following simplifying assumptions were 
made: 

▼»-   is independent of pressure ana equal to its value at P, 

B. is equal to B for the degassed liquid.    Although this is not 
correct,   the liquid makes only a small contribution to the total compressibility 
of the system, and the error introduced is correspondingly small. 

1   2 Values of Z for hydrogen were taken from the literature   ' 

W.  F.  Hoot,  Petrol. Refiner 35, No.  3,   150(1956). 

•> 
"J.   Hilsenrath, et al. ,  NBS Circular  564,    "Tables of Thermal Properties 

of Gases, " November 1955. 
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A  P P E N I) I X        XI! 

CALCULATION OF RADIATION-INDUCED VISCOSITY CHANGE 
FOR JET FUELS (J.  A.   BERT) 

I'he following empirical equation was developed to relate initial 
viscosity to viscosity after irradiation: 

Log() y-C) -   my + log(} Q-C) 

or 

my -   Log , «* T»> 
(; 0 " 

g 
where ', ,. ■  viscosity in centistokes after exposure to dosage y in 10    r 

y   ■   fa mm I dosage divided by   10      r 

'   Q ■  viscosity m centistokes before exposure 

m■ index of susi eptibility of the fuel to viscosity change caused by 
irradiation 

C*   a constant foj  a particular fuel at the particular temperature at 
whu h the viscosity is determined. 

The equation was derived for a given base fuel by plotting viscosities 
measured at one temperature versus rcdiation dosage on sermlogarithmie 
coordinates.     The resulting curve was converted to a straight line by 
subtracting a suitable constant from each viscosity measurement.    Figure 54 
shows  this for fuels J-74fi and J-770 (see page  1H5) for viscosities measured at 
IOC >°K.     The slope of a given line is exponent "m" in the equation,   and the constant 
subtracted from the viscosities for each fuel is    C. 

The constant "C" was found to be directly proportional to the  i 0 % 
diatiiled point divided by the API gravity of the original fuel.    Plots of "C" 
values versus 10% points divided by API gravities gave the following 
relationships for 100*F and 0°F viscosities: 

r -  h   irr (10% Point)      n  ,?. ( LOO«F   °-165 (—rrrn ~ °-n 

The slope,   "m, M can be considered an index of susceptibility 
to   change in viscosity caused by irradiation; the greater the  slope   the greater 
the susceptibility.     Attempts wen- made to develop an expression giving 
approximate values of "m ' in terms of fuel properties,   e.g. ,   aromatic content, 
wh\ich   ire related to radiation resistance.    However,   this was unsuccessful. 
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Difficulties here may be seen from the data of Table XCIV,   where the 22% 
aromatic JP-5 (J-77 1) had an index not materially different from those found 
for the two zero aromatic JP-5 fuels; J-728 and J-746. 

Table XCIV 

Values of "m" and "C FI/--.M 

TOTTT 1FT 
Fuel  No. 

— ——          > 
rn r m c 

J-813 0.062 2         0.5 1 0. 118 1.43 
J-852 0. 0540 0.47 o.o9i:. 1. 31 
J-782 0.0442 C.45 0. 0750 i.26 
J-872 0.0802 0. 50 0. 147 1. 37 
.1-7 70 0. 0465 0. 58 0. 0923 1. 58 
J-728 0.0900 1.21 0. 112 3. IS 
J-771 0. 102 1. 51 0. 109 3. 85 
J-746 0. 113 1.21 0. 1 12 3. 15 

 J ]                     i , 1 i , i                      

The data of Table   XCV show good agreement between viscosities actually 
miasured and those which were calculated from the values for "m" and ' C" 
in Table XCIV.    Correlation is shown graphically in Figure 55 for JF-4 
fuels and m Figure 56 for JP-5 fuels. 
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TABLE XCV 

COMPARISON OF MEASURED \ND CALCULATED VISCOSITIES 

TJäumrriä 
Dosaffe,   Vim ositv at  100* F V IS' ii 

Fu< 1 10 M< asurt d Cal< \iiw 
y\   i\  i1'1 {• 

J-81 0 
! . 0 

i), 7;; 

0.84 0.  102 
I. 70 
! . 86 1   7 1 

 , 

5. i 1    D4 i   08 2   58 2. 51 
8.5 t.5J 1 .  1 4 i    14 4. 20 

J-852 
:  o 
5.0 

0, ) 6 
1   04 
1. 31 

1.03 
2.  13 
2.  \\ 2, 54 

t. i 1 

i   .   i 1.75 1,7 ■ 6. ! 1 6. 39 

J-782 1 1 1. 02 . 2    (8 
]  .  lit, 1.06 L 09 2. 60 2.61 
5, 2 1. ,1 1 . 12 •   i'ii 3, 92 
9.52 2. 00 1 ,  15 

— — 

7. 02 7. 07 

J-872 0 i        0.78 _ I . 67 
i 1   08 0. 8 1 s'. 84 1      DQ 1 .  Q 1. B 1 

:>. 12 1.16 1 . 28 ;. 00 3. 18 
.'. 57 1.71 i . 65 ;.. 00 5. 2 5 

J-770 
1 . 0 

0.  15 
I). 98 L0J 

2. 09 
2. 22 

.">. i) 1.15 1 . 2! 2.  17 ;. 07 

• * 

1. 64 1. 5 1 ...20 5.25 

• i  728 0 1. 86 

\ -        ■ 

- 
■ 0.1 7 1 . 95 1 .   19 7 .   ■ j 7.   '(i 

5. 29 .28 . :.. .i.i 18.2 

r —♦ 

.90 5. 5. \0. 6 10. 4 

i 

11 

0. 9 
! .   >0 
1 .   '7 2. 00 

7.01 
f. 9! 7. ,,2 

1 4.9J J . 7n 2. 77 13.7 14,7 
i 

[ 
i , 

8.    1 I. 2>> 4. 29 !'■. A 2 ''. 5 

l 
J - 7 4 6 0 1. 62 6. 60 

:  o 1 . 74 1.74 7 . 3 h 7. 63 , 
5.0 2.7; 2.7 0 13.7 1 ,r). 7 

10, 0 6. 82 6. 83 50. 6 49   1 
——. _ —.,— ._, .    —_. , ■ -■■ ■ ■ ■ -~—          ' i i 

t 
l 
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